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ABSTRACT 
 
This report details our investigation of a novel, fixed-biofilm algal and bacterial system for 
the treatment of high-strength municipal anaerobic digester filtrate. Each reactor in the pilot-
scale system comprises multiple AlgaewheelTM rotating algal contactors (RACs) that help 
efficiently oxygenate the anaerobic digester filtrate being treated in a shallow tank. Total 
ammonia nitrogen (TAN) removal by microbial oxidation and anabolic uptake varied between 
45-60% at hydraulic retention times (HRTs) of 0.5-2 days. Of the TAN removed during 
treatment, >95% was oxidized to nitrite with 27-36% subsequently evolved as N2 and only 3-
11% oxidized to nitrate. The low extent of nitrate formation makes biological nutrient removal 
less costly, since nitrite reduction demands less oxygen, by 25%, and organic carbon, by 40%, 
than nitrate reduction. In addition, due to the efficient aeration by RACs, it should be possible to 
design systems for sidestream treatment of digester filtrate that require up to 80% less electricity 
than are typical for aerobic ammonia oxidation.  
The composition of microbial assemblages in the biofilms growing on rotating algal 
contactors (RAC) used in treating high-strength anaerobic digester filtrate were characterized 
during a 4-month pilot study. Typical RAC-based systems supplied with feedstocks containing 
high total ammonia and low dissolved inorganic carbon are nitrite-accumulating.  The RACs 
have biofilms on the sunlit exterior RAC surfaces (2 m2) colonized by a mixture of phototrophs, 
chemoautotrophs, and heterotrophs, whilst the dark, internal media (5 m2) is colonized by 
chemoautotrophic and heterotrophic bacteria.   
Using high-throughput 16S V4 analysis processed on a MiSeq platform, we assayed the 
relative abundance of bacterial V4 16S segments in the RAC biofilms over 4 months of 
operation from November through February.  We were able to detect significant differences in 
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composition between biofilms growing on the interior and exterior of the contactors.  The 
assemblages also changed significantly over the study period. Ten OTUs, most of which were 
identified to the genus level, accounted for over 75% of the total individuals counted.  
Nitrosomonas, the common ammonia-oxidizing bacterial genus, was the 10th most abundant 
OTU and although ubiquitous, it was more frequently located on the inside, dark surfaces of the 
RACs.   Two members of the Xanthomonadaceae, one of which identified as Rhodanaobacter, 
were also correlated to the inner surface. Brevimundus, Arenimonas, and Flavobacterium were 
more frequently located on the outer surface of the RAC.  Comamonas showed no difference 
between locations but exhibited the highest abundance in January and February.  Overall, this 
study has demonstrated that there is a significant difference is the bacterial assemblage structure 
based on the surface location (inside or outside of the RAC) and on the month of the sample 
which has implication for design and seasonal performance. 
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CHAPTER 1: LITERATURE REVIEW 
 
Eutrophication and Wastewater Treatment 
 
The eutrophication of lakes, streams, and coastal waters caused by excess anthropogenic 
loadings of nitrogen (N) and phosphorus (P) imposes an annual economic cost of $2.2 billion in 
the United States by diminishing the beneficial uses of aquatic ecosystems (fishing and 
recreation) and waterfront property values and by increasing the need to treat drinking water 
(Dodds, 2006)  While solving the problem will require a combination of regulatory, 
management, and technological approaches, ultimately it will be difficult to succeed without 
meeting the critical need to develop new, cost-effective technologies for nutrient removal. 
Failure to address this need will lead to continued degradation of water quality in aquatic 
ecosystems ranging from headwater streams to the Gulf of Mexico (Heisler et al., 2008; Kemp et 
al., 2005; Smith, 2003). 
 Currently, the excess loadings of nitrogen (N) and phosphorus (P) in the Midwestern United 
States come from a mixture of non-point (mainly agricultural) (Bernot et al., 2006) and point 
sources (mainly wastewater from municipal and industrial wastewater treatment facilities or 
WWTF).  Since controlling non-point source nutrient loads is so difficult, there is an extra 
urgency to reducing the loadings from point sources. In addition, nutrient pollution trading 
systems, similar to those in effect in the Chesapeake Bay watershed, will indirectly incentivize 
the implementation of nutrient removal systems for WWTF if they can be made cost effective. 
Typically, wastewater treatment systems in the United States are adequate at removing the 
decomposable organic matter known carbonaceous biological oxygen demand (BOD) in sewage, 
but soluble forms of N and P are largely discharged with the effluent water (Haandel and Lubbe, 
2007; Kesaano and Sims, 2014; Srinath and Pillai, 1972). Thus, there is a widespread 
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opportunity to offset non-point source discharges.  However, the main methods for advanced 
nutrient removal are expensive and generate end-products that are either useless or even 
hazardous, meaning that the operator of such nutrient removal processes must bear increased 
costs without generating any offsetting revenue.  
Algae Wastewater Treatment 
Phototrophic algal wastewater treatment (AWT) holds promise as a technology to remove 
nitrogen and phosphorus from both municipal and agricultural wastes (Kesaano and Sims, 2014; 
Mulbry and Wilkie, 2001; Pizarro et al., 2002; Solimeno et al, 2017). AWT is a form of 
enhanced biological treatment that fosters algal growth within an on-site reactor.  By harnessing 
the growth of potentially problematic organisms within a managed ecosystem, AWT preempts 
harmful, uncontrolled algal growth in the environment. In a sense, AWT is analogous to 
traditional wastewater treatment, which consumes degradable organic matter before it can 
stimulate excessive bacterial growth in aquatic ecosystems.  
Much of the research into algal wastewater treatment has focused on the use of raceway 
ponds or photobioreactors (Posadas et al., 2013; Woertz et al., 2009).  These systems typically 
promote the growth of suspended planktonic algae, which are collected through flocculation, 
precipitation or membrane separation.  There has been some research into algal biofilm treatment 
using algal turf scrubbers (Mulbry and Wilkie, 2001; Pizarro et al., 2002), rotating algal biofilm 
reactors (Christenson and Sims, 2012) and revolving algal biofilms (Gross and Wen, 2014).   
These systems use algal and bacterial biofilms that are attached to a substrate and have been used 
to successfully remove nutrients from animal and municipal wastewaters (Kesaano and Sims, 
2014).  Beyond the evident mutualism of oxygen and carbon dioxide consumption and 
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production the study of the algal and bacterial interactions continue to be of interest not only in 
wastewater treatment but in ecological studies (Romaní and Sabater,n.d.; Espeland et al., 2001; 
Sanapareddy et al., 2016; Ramanan et al., 2016). 
Issues that may impede algal wastewater treatment are typically related to nutrient 
limitation and maximum photosynthetic rate (Liehr et al., 1988; Solimeno et al., 2017).  
Obviously, the light reactions of photosynthesis are inactive during the nighttime hours, which 
may reduce the ability of the system to generate biomass.  However, energy from photosynthesis 
is stored as carbohydrates and lipids, which can be metabolized for cell growth and development 
in the dark periods.   Many algae can become light saturated due to bottlenecks in either the 
photosynthetic electron transport reactions or carbon fixation reaction of the Calvin-Benson 
cycle. Since wastewater and wastewater effluent typically contain high concentrations of 
nitrogen and phosphorus, limitations of algal wastewater treatment will most likely be limited by 
supplies of dissolved inorganic carbon (DIC) or micronutrients such as iron.  
The Algaewheel technology has been used in small decentralized municipal wastewater 
treatment application throughout the Midwest to treat carbonaceous biological oxygen demand 
(CBOD) and total ammonia nitrogen removal.  At the time of this publication, it is the only algal 
based system to have obtained a National Pollutant Discharge Elimination system permit.  It has 
not been used previously on sidestream treatment systems. 
Nitrogen Cycle 
 The treatment of total ammonia nitrogen in wastewater is typically discussed as the 
conversion of ammonia to nitrate by nitrifiers. That nitrate is then reduced to dinitrogen gas.  In 
fact, this is an oversimplified example. The TAN is first oxidized to nitrite (NO2-) by ammonia 
oxidizing bacteria (AOB) through a hydroxylamine (NH2OH) intermediate. Then a second group 
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of organisms, the nitrite oxidizing microbes convert nitrite to nitrate (NO3-).  Denitrification 
involves the reduction of nitrate to dinitrogen gas by heterotrophic microbes in the following 
steps NO3- àNO2-àNOàN2OàN2.  The intermediate steps of the reactions can be bypassed in 
some cases if nitrification stops at nitrite. In this case, it is referred to as nitritation.  The 
reduction of nitrite to N2 via N2O is denitritation (Wang et al., 2015). 
Nitrous oxide emissions from wastewater treatment 
Nitrous oxide is a gaseous intermediate and sometimes emission of the nitrogen cycle 
that is of increasing concern because it is 265 times more powerful as a greenhouse gas than CO2 
(Portmann, Daniel, and Ravishankara, 2012).  Conventional nitrogen removal from municipal 
wastewater through 2-step nitrification and denitrification does produce nitrous oxide emissions 
that vary based on DO, pH, DIC and TOC concentrations. If DIC, DO, or pH are too low during 
ammonia oxidation the then the hydroxylamine pathway or AOB denitrification can be induced.  
By the same token if DO is too high or there is insufficient organic carbon, then denitrifiers will 
incompletely denitrify NO3-.  Nitrous oxide emissions from the 2-step process can range from 
1.3%-19.3% (Pijuan, Tora, Rodriguez-Caballero, Carrera, and Julio, 2014; Shen, Guan, Wu, and 
Zhan, 2014).  Fixed film systems reduce the nitrous oxide emissions not only because of the 
retention of AOB and denitrifiers but also as biofilm thickened nitrous emissions decrease 
apparently as deep biofilms both retain more biomass and also potentially have more anoxic 
zones (Eldyasti, Nakhla, and Zhu, 2014; Quan, Zhang, Lawlor, Yang, and Zhan, 2012).  In 
shortcut nitritation-denitritation processes, nitrous oxide is also a potential emission but can be 
exacerbated by the high nitrogen loading and nitrite accumulation.  It has been shown that the 
nitritation and the accumulation of NO2-can lead to N2O production and emission rates 
presumably through autotrophic denitrification (Bremner, 1997; Desloover, Vlaeminck, 
 
 
 
 5 
Clauwaert, Verstraete, and Boon, 2012; Mulvaney, Khan, and Mulvaney, 1997). It has also been 
shown that the treatment of reject water sidestreams also emits N2O via nitrifier denitrification, 
incomplete heterotrophic denitrification resulting from low DO levels which promote autotrophic 
denitrification and high nitrogen loading which, induces a COD limitation to complete 
denitritation but this can be mitigated by controlling the DO in a 2-step nitritation denitritation 
system with COD dosing (Desloover et al., 2012; Jenicek et al., 2004; Kampschreur et al., 2008; 
Massara et al., 2017; Pijuan et al., 2014; Wang et al., 2014).  
High Strength Wastewater and Sidestream Treatment 
As wastewater nutrient removal has become more important, innovative methods to 
capture nutrients throughout wastewater treatment plants are becoming more common.  One such 
strategy that is being implemented is the treatment of sidestreams generated through the 
dewatering of biosolids.  Specifically, anaerobic digestor filtrate and centrate that are very high 
in ammonia.  This sidestream may account for 1-2% of the total water treated at a facility but can 
account for 20-30% of the phosphorus and ammonia (Reardon, 2014; Tetr ES Consultants, 
2006).  This has been demonstrated through the use of suspended bacterial growth system such 
as single reactor systems for high activity ammonium removal over nitrite (SHARON) (van 
Kempen, et al., 2001; van Kempen et al., 2005). SHARON systems typically removed 50% of 
the total ammonia nitrogen in the sidestream converting it to nitrite, which can then be reduced 
to di-nitrogen gas.  Using this shortcut and avoiding the conversion to nitrate reduces the oxygen 
needed by 25% and the simultaneously reduce the organic carbon needed for denitrification by 
40%.  Rotating biological contactors, a bacterial biofilm system have also been used in the 
treatment of similar high strength wastewaters including landfill leachate (Kulikowska, et al., 
2010). 
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The treatment of high strength wastewater such as anaerobic digester filtrate and 
livestock wastewater using algal wastewater technologies is a more recent development. Small 
scale suspended growth photobioreactors have been shown to follow the same limitations in 
oxidizing ammonia similarly to traditional bacterial systems (Manser et al., 2016; Wang et al., 
2015).  Algal biofilm systems such as algal turf scrubbers have also been used to treat diluted 
centrate at the lab scale with good success (Mulbry, et al., 2008; Posadas et al., 2013) 
Modeling 
Modeling of wastewater treatment is a well-established process using observed substrate 
removal rates and biological growth rates.  Models are typically expressed as Monod equations.  
Other terms are then included to express dependent factors which may inhibit or limit the 
reaction of interest (Haandel and Lubbe, 2007; Mantziaras and Katsiri, 2011).  High strength 
wastewater models have been derived for suspended growth systems (Wett and Rauch, 2003).  
Bacterial biofilm models are also available for rotating biological contactors for both CBOD and 
ammonia removal treating domestic wastewater (Hassard et al., 2015; Solimeno et al., 2017; 
Vayenas, et al., 1997) and high strength systems which accumulate nitrite (Bernet, et al., 2005; 
Pedros, Onnis-Hayden, and Tyler, 2008).  Bacterial biofilms models can be used as a basis for 
mixed systems since work pertaining specifically to phototrophic biofilms is far more limited but 
several have been developed which also include the particular effect of pH and dissolved 
inorganic carbon limitations (Liehr et al., 1988; Solimeno et al., 2017; Wolf, et al., 2007).  
Phototrophic biofilms are subject to the same types of limitations as substrate and product 
diffusion, but the microenvironments created by oxygenic photosynthesis will affect reaction 
rates.  These changes are a result of the oxygen produced, carbon dioxide consumed, and the 
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variations in pH associated with photosynthesis.   Moreover, the variation is dependent upon 
light (Solimeno et al., 2017; Vayenas et al., 1997; Wolf et al., 2007). 
High Throughput Sequencing and Metagenomic Analysis 
Underlying the treatment outcomes and nutrient removal from any wastewater treatment 
system are the micro-organisms which carry out the metabolic processes.  Recent strides in high 
throughput sequencing platforms have led to the investigation of the microbial community based 
on 16s rDNA sequencing (Kulikowska et al., 2010; McLellan et al., Andreihcheva, and Sogin, 
2011; Wen et al., 2015).  These techniques focus on the sequencing of the DNA, which codes for 
the v4 region of the ribosomal RNA.  This RNA sequence is considered highly variable since it 
is not functionally critical the ribosomal function.  Because of the operational taxonomic units of 
micro-organisms have relatively unique v4 regions. Molecular techniques have a major 
advantage over culture dependent techniques (Kemp and Aller, 2004).  Namely some microbes 
are very difficult to culture in the lab and the culturing process can be incredibly time consuming 
considering the hundreds of OTUs present in a wastewater plant.   
This technique has been used to asses community differences within wastewater plants as 
substrate concentration decrease and when comparing wastewater plants in different areas(Hu et 
al, 2012; Shchegolkova et al., 2016; Ye and Zhang, 2013).  It has also been successfully used to 
describe what microbes present in anaerobic digesters.  Other studies have used high throughput 
sequencing for the detection of functionally important microorganisms such as phosphorus 
accumulation organisms, nitrifying and anaerobic ammonia oxidizing bacteria (Gilbride et al, 
2006; Grijalbo et al., 2015; J. Wang, et al., 2017).  
Recent studies have used this technique to describe microbial biofilms in both natural 
biofilms and manmade systems.  The biofilms structure can then be used to determine if the 
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environmental exposure or if there are unwanted biofilm components.  For example, stream 
biofilms exposed to wastewater effluent should be different in structure than non-exposed 
biofilms.  Relevant studies have been conducted on wastewater biofilms including those on 
wastewater pipes, moving bed biofilm reactors and rotating biological contactors (Egli et al., 
2003; Fu, et al.,, n.d.; Gomez-Alvarez et al., 2012).  It has been shown that biofilms within 
wastewater plant also differ based on the substrate and over time (Noble et al., 2016; 
Shchegolkova et al., 2016; Yadav et al., 2014).  Anammox organisms have been found in swine 
wastewater treatment using high throughput sequencing (Suto et al., 2017).  The expanding use 
of these techniques is interesting because it allows for a non-culture dependent means to detect 
microorganisms that may be difficult to grow in culture (Grijalbo et al., 2015; Kemp and Aller, 
2004; Singh and Mittal, 2012).  As in this study molecular techniques have been applied with 
success in a limited fashion to high strength wastewater biofilm systems like sludge reject water 
or landfill leachate (Egli et al., 2003; Kulikowska et al., 2010; Lautenschlager et al., 2014; 
Pynaert et al., 2003).   
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CHAPTER 2: PILOT-SCALE DEMONSTRATION OF EFFICIENT AMMONIA 
REMOVAL FROM A HIGH-STRENGTH MUNICIPAL WASTEWATER TREATMENT 
SIDESTREAM BY ALGAL-BACTERIAL BIOFILMS AFFIXED TO ROTATING 
CONTACTORS.1 
 
 
Abstract 
 
This report details our investigation of a novel, fixed-biofilm algal and bacterial system for 
the treatment of high-strength municipal anaerobic digester filtrate. Each reactor in the pilot-
scale system comprises multiple AlgaewheelTM rotating algal contactors (RACs) that help 
efficiently oxygenate the anaerobic digester filtrate being treated in a shallow tank. Total 
ammonia nitrogen (TAN) removal by microbial oxidation and anabolic uptake varied between 
45-60% at hydraulic retention times (HRTs) of 0.5-2 days. Of the TAN removed during 
treatment, >95% was oxidized to nitrite with 27-36% subsequently evolved as N2 and only 3-
11% oxidized to nitrate. The low extent of nitrate formation makes biological nutrient removal 
less costly, since nitrite reduction demands less oxygen, by 25%, and organic carbon, by 40%, 
than nitrate reduction. In addition, due to the efficient aeration by RACs, it should be possible to 
design systems for sidestream treatment of digester filtrate that require up to 80% less electricity 
than are typical for aerobic ammonia oxidation.  
Introduction 
 
Raw municipal wastewater contains high levels of inorganic nitrogen compounds, especially 
ammonia. Since ammonia can be toxic to aquatic life when excessive amounts are discharged 
into receiving waters, wastewater treatment facilities (WWTF) often include a process that 
facilitates the aerobic oxidation of total ammonia nitrogen (TAN) to nitrite (NO2-) and nitrate 
                                               
1 This Chapter contains previously published work and has been approved for use by the copyright holder, Johnson 
et al. Algal Research 34 (2018):143-153 
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(NO3-). A growing number of WWTFs follow nitrification with biological nutrient removal 
(BNR) via denitrification of nitrate and nitrite to dinitrogen gas (N2). The net effect of combining 
TAN oxidation with BNR is to release the nitrogen from raw wastewater into the atmosphere as 
inert N2 instead of discharging fixed nitrogen species to receiving waters. Since both processes 
add to the cost and complexity of wastewater treatment, making them more efficient is an 
important goal. 
At WWTFs, the TAN loading to the head of a plant typically comes from two main process 
streams: raw wastewater and sidestreams of recycled filtrate and centrate produced during the 
dewatering of digested biosolids. In a typical facility, these sidestreams can account for as little 
as 1-2% of the water flow, but upwards of 20-30% of the TAN loaded (Van Kempen et al., 
2001). If TAN could be efficiently removed from this concentrated waste stream, it might be 
possible to both reduce the cost of nitrogen removal and eliminate the TAN shock loadings 
associated with intermittent bio-solids dewatering schedules.  
One means of increasing the efficiency of TAN removal is to avoid oxidizing it completely 
to nitrate. In traditional nitrification systems, TAN is oxidized to nitrate in two steps, with 75% 
of the total oxygen consumed during the conversion to nitrite and the balance used in the nitrite 
to nitrate reaction. When following nitrification by denitrification, traditional BNR systems add 
bioavailable organic carbon substrates, often methanol, to drive reduction of NO3- back to NO2- 
and then to N2 gas. If instead the filtrate or centrate can be oxidized only as far as nitrite before 
reduction to N2, savings of 25% in oxygen and 40% in organic carbon consumed for 
denitrification are possible (Reardon, 2014; Sri Shalini and Joseph, 2012; van Kempen et al., 
2001; van Kempen et al., 2005).  
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Some non-traditional, bacterial systems are designed to reduce the need for aeration using 
nitritation rather than complete nitrification.  The SHARON process (Single reactor for High 
activity Ammonia Removal Over Nitrite) (Ruiz et al., 2003; van Kempen et al., 2005), also 
converts approximately 50% of the TAN to nitrite in the aeration stage. After SHARON, nitrite 
can be removed by heterotrophic denitritation (van Kempen et al., 2001) or anammox (Haandel 
and Lubbe, 2007).  Such systems have been demonstrated at commercial scale, where treatment 
of filtrate and centrate through incomplete nitrification, has been shown to reduce the oxygen 
required for TAN oxidation by 25% (Reardon, 2014; Ruiz et al., 2006) 
It is possible to further reduce electricity consumption to run aeration equipment by 
producing oxygen via algal photosynthesis, supplementing the oxygen demand of nitritation 
(Bernstein et al., 2014; Kuenen et al., 1986).  The benefits of oxygenic photosynthesis in 
biofilms have also been demonstrated in trickling filters used to treat municipal wastewater. 
Kuenen et al. (1986) showed that the diffusion layer above algal biofilms on the surface could 
have daytime oxygen concentrations 500% higher than saturated levels. This very high oxygen 
level dissipates when the biofilm is not exposed to light. Within mixed photo/heterotrophic 
biofilms, light indirectly stimulates heterotrophic biomass production and bacterial enzyme 
activity as a result of algal photosynthesis (Espeland et al., 2001; Romaní and Sabater, n.d.) 
Efficient microbial and algal metabolism in biofilms still requires gas transfer between water 
and the atmosphere.  Combining aeration from blowers with rotating biological contactors 
(RBC), have been shown to stimulate nitrification when the process becomes limited by oxygen 
transfer rates across biofilm boundary layers or by low DO levels within the biofilm and bulk 
water (Hassard et al., 2015). Aeration both increases oxygen levels in the bulk water and 
increases the contact between air bubbles and RBC surfaces while submerged in the bulk water 
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(Hassard et al., 2015).  The bubbling action also scours the biofilm, reducing its thickness.  
Consequently, aerated RBC treatment systems can handle higher TAN loadings. For instance, 
RBCs were shown to nitrify landfill leachate at TAN loadings of 1.92 to 6.63 g-N m-2 d-1, 
although their efficiency was only 60% at the higher loading rate compared to 100% at the lower 
one.  Since RBCs can be limited by oxygen and carbon dioxide diffusion within the biofilm, 
there remains a potential for increasing the efficiency of rotating contactor systems by taking 
advantage of the photosynthetically produced oxygen within mixed algal-bacterial biofilms.  
Finally, there remains the challenge of effecting TAN removal in high-strength waste 
streams. Previous studies of systems that support mixed algal-bacterial biofilms have 
documented the removal of TAN from diluted centrate (Posadas et al., 2013), animal wastewater 
(Mulbry and Wilkie, 2001) and raw municipal wastewater (Bernstein et al., 2014; Posadas et al., 
2013; Salerno et al., 2009). For example, while Posadas et. al (2013) did report that a mixed algal 
and bacterial biofilm reactor operating at 5- to 10-day hydraulic retention times (HRT) was able 
to remove 50-75% of the TAN from anaerobic 1:10 diluted centrate,  
Herein are results of a real world, pilot-scale performance study of a novel treatment system 
for TAN removal.  The reactors in the patented system comprise multiple AlgaewheelTM RACs, 
which support the growth of algae for biological aeration and bacteria for ammonia oxidation.  
The current study shows that the RAC system can match the TAN removal typically observed in 
high TAN suspended growth systems at much shorter HRTs. 
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Methodology 
 
Study site 
 
The studies of the AlgaewheelTM RAC treatment system reported here were conducted at the 
Charleston WWTF in Charleston, IL between March and July 2014.  The system and influent 
storage tanks were housed in a 24' ´ 46' high-tunnel greenhouse with a roof made of clear, 4-mil 
HPDE. The open-sided structure is visible in aerial photographs from the period, e.g., Google 
Earth imagery for April 18, 2014 at coordinates 39.4952 °N, 88.2039 °W.Pilot-scale treatment 
system design and operation 
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Algaewheel rotating algal contactor 
A)
 
B) 
 
 
Figure 2.1: Reactor components and layout. A) AlgaewheelTM rotating algal contactor (RAC), B) RAC 
showing interactions with air bubbles and water, C) plan view of the reactor/tank (2.43 m ´ 1.2 m ´ 0.25 
m). 
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 The patented AlgaewheelTM rotating contactor is molded from opaque, polyethylene 
plastic and is 25 cm in diameter and 43 cm long (Fig. 2.1A). Its shape is cylindrical overall, but it 
includes i) an axle at the center, ii) a longitudinal barrier that divides the interior of the tube into 
two compartments, and iii) multiple exterior fins attached at a 15o angle from radial. The interior 
remains dark during operation. One-half of it is filled with pin-type, ball media with surface area 
of 320 m2 m-3.  The media and internal surfaces of each wheel have a surface area of 5 m2. The 
fins on the outside of the tube are designed to catch air being bubbled from below and cause the 
wheel to rotate (Fig. 2.1B). Since the RACs are exposed to sunlight, a mixed algal-bacterial 
biofilm develops on the 2 m2 of exterior surface area.  
 
 
Reactor design 
 
For this study, three pilot-scale reactors (Fig. 2.1C), each comprising a 2´4 array of RACs 
within a 793-L HDPE tank, were assembled.  Air pumped in by a Medo LD-120 entered through 
coarse bubble diffusers located at the bottom of the reactors (~25 cm below the water surface). 
Each reactor tank had pipe-weirs for influent and effluent at opposite ends. The complete 
treatment system consisted of three such reactors. The influent was pumped into two (Stage 1) 
reactors arranged in parallel and their combined effluents flowed into the third reactor (Stage 2). 
Stage 2 effluent was discharged to a wet well. 
Influent 
 
The influent fed into the system was undiluted filtrate water that had been produced by the 
belt press operation for dewatering of anaerobic digester solids. Every 2 to 5 days, fresh filtrate 
water was pumped into the three covered influent storage tanks, which had a combined volume 
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of 8000 L. During storage, the water warmed or cooled from its mean initial value of ~10 °C 
towards ambient temperature until pumped into the system. The influent pump delivered pulses 
of filtrate water to the Stage 1 reactors at 1-L s-1 whose duration was controlled by a power 
regulator to achieve the target average flow rate for each trial (Table 1).  
Reactor operation and hydraulic retention times 
 
The study period is defined as the 126-d period between March 19 and July 24 of 2014, 
during which the system was operated continuously. Experimental “trials” were performed under 
three different flow regimes with constant hydraulic retention times (HRT) of 2-, 1-, and 0.5-d in 
the Stage 1 reactors (Table 1). Since each trial, denoted below as THRT, occurred over a different 
date range, environmental variables affecting the system – day length, sunlight intensity, and 
ambient temperature – differed between them. Note that the HRT of the Stage 2 reactor was 
always exactly half that of the Stage 1 reactors. 
Table 2.1: Operating and environmental conditions during the system trials. 
 Trial 
Condition/Factor T2 T1 T0.5 
Data collection period    
Start 19-Mar-14 8-Apr-14 9-Jun-14 
Stop 7-Apr-14 
9-May-
14 10-Jul-14 
F, influent flow rate (L d-
1) 346 793 2586 
HRT, Hydraulic 
Retention Time (d) 2 1 0.5 
Air flow rate (L min-1) 120 120 120 
Feed water holding time 
(d) 4.8 4.8 3.6 
Mean air temperature 
(°C) 2.2 12.2 23.3 
Day length (h) 11.7-13 13-14.2 14.8-14.6 
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Water quality monitoring 
Unfiltered samples (500-mL grab) were collected from the influent stream and from the 
effluents of one stage 1 plus the stage 2 reactors at approximately 9 a.m. on most weekdays. Of 
the 96 total days of actual trials, samples were obtained on 62. On 45 of these days, an additional 
sample was obtained from the center of the stage 1 reactor and on 28 of them; an additional 
sample was obtained from the center of the stage 2 reactor.  
 Samples were refrigerated after collection and analyzed within 24 h. Parameters routinely 
measured using a Hach HQD portable meter with IntelliCAL probes include i) pH/Temperature, 
ii) NO3-, and iii) TAN along with some limited monitoring of dissolved oxygen using an LDO 
101 probe. A Hach DR 890 portable colorimeter was used to measure nitrite (NitriVer® 3), 
reactive phosphorus (PhosVer® 3), total nitrogen, and COD. To quantify alkalinity, 50-mL 
samples were digitally-titrated (Hach) to the bromcresol green-endpoint with 0.1-mL aliquots of 
1.6 N H2SO4. 
As the mid-reactor data were within 10-20% of the effluent values on the same date (see 
Appendix A), they are not discussed below. Use was made of them, however, for quality control 
and in some instances to replace effluent data deemed to be outliers. 
Calculations and statistical analysis 
N cycle reaction stoichiometries 
 
In order to analyze the coupling of N-cycle processes to inorganic carbon uptake/release and 
to the production/consumption of alkalinity, it is necessary to define reaction stoichiometries. 
The stoichiometries used here (Table 2) were derived using standard compositions of algal and 
bacterial biomass and energetic assumptions. It was assumed that i) the microbes producing NO3- 
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and N2 use NO2- as the main reactant for energy generating reactions, ii) microbes take up NH4+ 
for biosynthesis in all biological processes, and iii) anammox was unimportant. Phosphorus is 
not included as it was not a limiting factor. Note that these reactions are written in a form in 
which consumption/production of H+ increases or decreases alkalinity in equivalent amounts. 
Symbols and units 
 
In the discussion below, different units of concentration were deemed appropriate in 
different contexts (see Appendix A). For standard water quality parameters, their mass-based 
concentrations are written as CX (mg L-1), their mole-based concentrations as mX (mmol L-1), 
and charge equivalent concentrations as eX (meq L-1). Molar concentrations of individual solute 
species i are written [i].
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Table 2.2. Nitrogen cycle processes potentially occurring in reactors. The number of protons produced equals 
equivalents of alkalinity consumed per mole of N utilized in biomass production. All reactions are normalized to 
production of 1 mole of N in biomass. 
Process Process stoichiometry Reference 
Algal production a   
Ammonia oxidation  (Liu and Wang) 
Nitrite oxidation  (Liu and Wang) 
Denitritation  (Strohm et al.) 
Aerobic heterotrophy  (Ebeling, Timmons, and 
Bisogni) 
w/ Dissolved organic 
nitrogen mineralization 
 (Ebeling, Timmons, and 
Bisogni) 
a C: N ratio is from Redfield stoichiometry. b   
 
4 2 2 6.625 16.25 6.625 26.625 6.625 6.625NH CO H O C H O N O H
+ ++ + ® + +
4 2 2 5 7 2 2 245 5 61 44 42 89NH CO O C H O N NO H O H
+ - ++ + ® + + +
2 22 4 2 5 7 2 363.5 2137 5 137O HNO NH CO C OO H O N N H
- + - ++ ++ + ® + +
2 5 74 3 2 2 2 2712 18 6 9 18NO C H O N N CO HNH CH COO H O
+ - +- ® + + ++ + +
4 52 6 12 6 27 2 22.08 1.18 5 08 .0 82.NH C HO C O N CO HH O H O
+ ++ + + + +®
6 12 6 22 5 7 2 2 421.18 2.0( ) 3.08 8 4.08NH CO H C H O N CC H O O HO H O N
+ +® + +++ + +
 
 
 
 36 
Calculation of process rates 
The rates of N-cycle transformations within the reactors can be inferred from mass 
conservation and the observed changes in a solute’s transport flux between the input and output 
sides of the reactor (Fig. 2B). For example, the observed rates of ammonia removal or 
consumption ( ) were computed from:  
        (1) 
where  are the influent and effluent concentrations of TAN for a given reactor 
stage on a given date and F is the average water flow rate through it (L d-1). The small input of 
TAN from decomposition of organic N compounds is addressed in the discussion of N budgets 
below. Analogous calculations can be made to derive net rates of nitrite and nitrate production. 
Statistical analyses 
Statistical analyses performed using SAS (v9.4) include ANOVA, ANCOVA, and linear 
regression (proc GLM) and non-linear regression (proc MODEL). 
Results and Discussion 
 
Reactor trials under steady-flow conditions 
Three trials of the pilot-scale system operating under steady-flow conditions were conducted 
between March 19 and July 24 of 2014 (Fig. 2.2).  The first trial (T2) spanned the first 20 days of 
the study, during which the system was operated with a 2-d mean hydraulic residence time 
(HRT) in the Stage 1 reactor. The second trial (T1) was performed during the 30 days 
immediately after T2 with a 1-d HRT.  Following T1, the influent pumping rate was doubled, but 
samples were not collected over a 30-d acclimation period. The final trial (T0.5) was performed 
with a ½-d HRT over the 45-d period ending on July 24. 
obs
TANv
( )obs inTAN TAN TANv F C Cº × -
andinTAN TANC C
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A 
 
B 
  
C 
 
 Figure 2.2: Stage 1 time series data. A) Total ammonia nitrogen (blue lines and n) and NO2+3-N (black lines 
and +) concentrations in influent (dark) and effluent (dark+grey). B) Rates of ammonia consumption (n), 
NO2+3 production ( ), and other N sinks (+) averaged over a 5-d interval. Ambient temperature (……). C) 
Alkalinity in influent (n) and effluent ( ).  
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Across the entire study, influent TAN levels ( ) averaged 421 mg-N L-1 with 
operational fluctuations between 200-550 mg-N L-1. Influent concentrations of NO2-N ( ) 
and NO3-N ( ) averaged only 9% of on the same day (Fig. 2.2A). Effluent samples 
from the stage 1 reactor typically had CTAN at about half that of the influent on the same day and 
nitrite plus nitrate concentrations (CNO2+3) in the same range as CTAN.  
From the beginning of T2 to the middle of T0.5, the rate of ammonia removal (vTAN) increased 
3.5-fold in parallel with influent flow rate, ambient temperature, and daylength, making it 
challenging to empirically quantify their influences (Fig. 2.2B). The rate of nitrite plus nitrate 
production (vNO2+3) increased proportionally at ~70% of vTAN, but then decreased more rapidly 
after the late June peak in vTAN. This caused the fraction of TAN consumption that couldn’t be 
accounted for as NO2+3 to increase to about 50% by the end of the study. 
Titration alkalinity (  ) in the influent averaged 1430 mg-CaCO3 L-1 over the study, 
with a range from 965 to 2060 (Fig. 2.2C). In stage 1 effluent, the mean CALK declined to 380 
mg-CaCO3 L-1 and ranged between 140 and 865. According to these measurements, 73% of the 
titration alkalinity loaded to the stage 1 reactors was consumed on average.  
Summary statistics 
The Stage 1 reactors achieved an average TAN removal efficiency of 55% (Table 3), 
although removal decreased from 61 to 59 to 46% in trials T2 through T0.5. Observed removal 
efficiencies in the Stage 2 reactor were much lower at 4.8, 11, and 21% for trials T2, T1, and T0.5 
respectively. Finally, the combined system (stage 1+2) removal efficiencies were relatively 
in
TANC
2
in
NOC
3
in
NOC
in
TANC
in
ALKC
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consistent at 63% in trials T2 and T1with only a slight decline to 57% in trial T0.5. These results 
reflect the reactor performance to be expected in typical real-world applications. 
Table 2.3. Mean TAN (total ammonia nitrogen) removal (g-N d-1) and solute concentrations (mg L-1) by reactors. 
 
Removala TAN NO3-N NO2-N PO4-P ALK-CaCO3 pH 
Trial T2: Stage 1 HRT = 2.0-d 
Influent – 416 17.5 9.0 55.9 1278 7.81 
Stage 1 out 94 164 44.9 141 49.6 319 7.46 
Stage 2 out 3 156 42.1 137 59.3 ND 7.44 
Trial T1: Stage 1 HRT = 1.0-d 
Influent – 422 11.4 18.7 56.2 1601 7.85 
Stage 1 out 197 173 33.8 168 50.4 252 7.46 
Stage 2 out 15 154 39.8 174 47.5 192 7.25 
Trial T0.5: Stage 1 HRT = 0.5-d 
Influent – 426 12.7 34.4 80.3 1376 ND 
Stage 1 out 319 231 17.5 149 56.5 485 ND 
Stage 2 out 78 182 20.1 159 61.4 296 ND 
a Removal within a stage defined by . ND: Not determined 
Averaged across all trials, increases in nitrite plus nitrate observed in Stage 1 effluent 
balanced 65% of the decrease in TAN. On average, the observed CNO2 rose from 20.7 mg-N L-1 at 
the inlet to 153 at the outlet and CNO3 climbed from 13.9 mg-N L-1 to 32.1. Estimates of how the 
missing 35% of loaded TAN was distributed between algal growth and N2 evolution will be 
derived next. 
Nitrogen balance 
Parsing the contributions of different N cycle processes (Table 2) to the changes in the 
average concentrations of nitrogen species (Table 3) is important for understanding the behavior 
of the system, for analyzing the kinetics of ammonia removal (vTAN), and for estimating oxygen 
( )inTAN TANF C C× -
 
 
 
 40 
consumption. To this end, the reactor mass budget summarized here (Table 4A) balances TAN 
sources and sinks rather than total nitrogen. 
In this budget, the reactor influent supplied 97% of the TAN load during the study despite 
the presence of some organic nitrogen in anaerobic centrate. The estimate that 2.7% comes from  
Table 2.4. Nitrogen cycle of stage 1 reactor. a 
Trial T0.5 T1 T2 
A. Steady-state TAN budget (g-N d-1) 
Sources    
Influent 675.5 334.5 156.5 
Mineralization of DON 18.8 9 4.4 
Total 694.3 343.5 160.9 
Sinks    
Effluent 356.9 137.4 62.4 
Oxidation to NO2- (gross) 314.9 192.2 89.3 
Algal production 4.8 4.8 4.8 
AOB production 7.16 4.37 2.03 
NOB production 0.06 0.14 0.08 
DNB production 10.49 4.61 2.21 
Total 694.3 343.5 160.9 
B. Other rates (g-N d-1) 
vTAN (net removal) 318.6 197.1 94.0 
vNO2 (net formation) 181.4 118.4 52.3 
vNO3 (net formation) 7.6 18.5 10.5 
vN2 (formation) 114.8 54.0 29.5 
a Details of the calculations are presented in 
Appendix A. Ammonia oxidizing bacteria (AOB), 
nitrite oxidizing bacteria (NOB), denitrifying 
bacteria (DNB), total ammonia nitrogen (TAN), 
dissolved organic nitrogen (DON) 
 
organic N mineralization derives from three approximations: i) urea and other common forms of 
N are rapidly degraded by microbes in treatment systems (Mobley et al.), ii) 50% of the 
mineralized organic N is incorporated into microbial biomass (Table 2), and iii) organic N in 
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filtrate (centrate) typically comprises under 5% of the total N, (Earth Tec, Inc.). Spot total N 
measurements confirmed that very little organic N was present in the filtrate used here.  
The dominant ammonia sink process, oxidation, accounts for between 95 and 99% of the net 
removal (vTAN), while biomass production comprised only 7 to 9% of gross TAN consumption. 
Note that since NO2- is the substrate for all formation of NO3- and N2, gross TAN oxidation 
exceeds net NO2- formation by up to 74%. Finally, note that oxidation to NO3- was lowest during 
T0.5 despite the much higher rate of nitritation than during the longer HRT trials.   
Phosphorus 
Total reactive phosphorus (TRP) in influent and effluent was measured to verify that it was 
not limiting for nitrogen removal and to document that sidestream removal of phosphorus 
occurred in tandem. The average influent reactive phosphorus concentration of the filtrate was 
55.8, 55.1, and 77.4 mg-P L-1 in T2, T1, and T0.5 and phosphorus removal increased from 11% to 
17% to 31% respectively. It has been observed that a decrease in sediment pH can prompt the 
release of reactive phosphorus that has been precipitated or adsorbed in sediments (Maazouzi et 
al. 2013; Rogers et al., 2013).  Note that the lower TAN removal during T0.5 resulted in higher 
alkalinity (Table 2) and may have diminished a pH-driven release of TRP from sludge back into 
the overlying water in the reactor. 
Oxygen balance 
In order to provide a plentiful supply of O2 with a minimal energy input, the AlgaewheelTM 
RAC design combines three mechanisms: bubble aeration, rotation of the contactors, and algal 
growth. The bubbles of pumped-in air both supply oxygen and rotate the contactors upon which 
the sunlit biofilm is producing O2. The adequacy of the oxygen supply was evaluated by 
monitoring dissolved oxygen in the bulk reactor water during T0.5, which had the greatest oxygen 
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demand and lowest air-saturated oxygen concentration of all 3 trials. In the stage 1 reactor, 
oxygen levels were 70-90% of saturation or ~6 mg L-1 (Fig. 2.3). The observed diurnal cycle in 
DO levels was in phase with algal photosynthesis, indicating that some O2 was also transferred to 
the bulk water from the algal biofilm growing on the RACs.  
 
Figure 2.3: Dissolved oxygen and temperature variations over a 48-h period on during T0.5. Measurements taken 
every 30 min. 
 
Since the microbes in these reactors reside mainly in biofilms, an oxygen balance needs to 
be derived for each of the two distinct types within each RAC, dark (interior) and sunlit 
(exterior), rather than for the bulk reactor (Table 5). The demand for oxygen in each can be 
calculated from the rates of various N cycle processes (Table 4) and the N: O2 stoichiometries of 
each process (Table 2) together with estimated heterotrophic respiration. 
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Table 2.5. Average daily oxygen balance of stage 1 reactor (mol-O2 d-1) 
Trial T0.5 T1 T2 
Dark biofilm (48 m2 total area)a 
Sources    
Diffusion 28.9 17.6 8.1 
Sinks    
Org-N mineralization 2.4 1.1 0.6 
TAN oxidation 26.3 15.9 7.3 
NO2- oxidation 0.22 0.52 0.30 
    
Sunlit (exterior) biofilm (8 m2 total area) b 
Sources    
Algal production 4.94 4.57 4.13 
    
Sinks    
Org-N mineralization 0.40 0.19 0.09 
TAN oxidation 4.4 2.7 1.2 
NO2- oxidation 0.0 0.1 0.0 
Diffusion to bulk 0.12 1.63 2.78 
a Dark biofilm rates apply to 5 m2 interior and 2 m2 exterior surfaces during night for each of 8 RACs.  
b Sunlit biofilm rates apply to 2 m2 exterior surfaces during daytime for each of 8 RACs. Rotating algal 
contactor (RAC), total ammonia nitrogen (TAN) 
 
The highest oxygen consumption occurred during trial T0.5 during which the average oxygen 
demand of the dark biofilm was 42 nmol-O2 cm-2 min-1. While this demand is high compared to 
typical literature values of oxygen diffusion into biofilms, e.g., 20 nmol-O2 cm-2 min-1 (Epping 
and Kühl, 2000) apparently the vigorous aeration used with these RACs enhanced diffusion, 
leading to a thin boundary layer with very effective oxygen transfer. Literature values of oxygen 
production in phototrophic biofilms in wastewater are in the range of 40 (Epping et al., 1999; 
Epping and Kühl, 2000) to 71 nmol-O2 cm-2 min-1 (Bernstein et al., 2014). Thus, surfaces 
exposed to sunlight were a net source of DO and thus must have had higher CO2 in the biofilms 
than in the bulk phase (Fig. 2.3). During daylight hours, we estimate at 15 nmol-O2 cm-2 min-1 
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diffuses back into the solution. Other studies have shown that photosynthetic biofilms are 
capable of producing an oxygen surplus of 18 nmol-O2 cm-2 min-1 beyond that required for the 
oxidation of CBOD and ammonia in municipal wastewater.   
pH and alkalinity 
pH is another water quality parameter known to exert a strong influence on ammonia 
oxidation rates, as has alkalinity (CALK), which determines how well its pH is buffered. In these 
reactors, ~90% of the alkalinity in the influent is consumed (Fig. 2.2). Further consumption 
would drive CALK negative, which would sharply reduce the pH and strongly inhibit ammonia 
oxidation. Thus, alkalinity is a likely candidate for a factor limiting ammonia oxidation process 
and careful consideration must be given to exactly how it does so. The key to understanding how 
alkalinity limits ammonia oxidation is the fact that in the filtrate water treated here, ammonium is 
the main alkalinity-defining cation much in the same way that calcium is in typical river water. 
The titration alkalinity (eALK) for the acid-base systems present in the wastewater – 
carbonate, phosphate and ammonia – must equal the acid neutralizing capacity defined by the 
charge balance (eANC): 
     (2) 
the prefix “e” denotes equivalent concentrations of the analytes in solution (Kelly et al., 1987). 
For the N species and orthophosphate, these are simply molar concentrations since the dominant 
species of each is ±1 at pH 4.5. Here,  eB' refers to base cations other than NH4+ (mainly Na+, 
K+, Ca2+, Mg2+) and  eA' to all acid anions other than NO3- (mainly Cl-, SO42-).  
An implication of (2) is that one can exactly quantify the effect on alkalinity of all processes 
occurring within a system simply by measuring the changes in strong base cations and acid 
2 3 4eANC eTAN eNO eNO ePO eB eA¢ ¢º - - - + -
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anions of the water passing through it. Thus, in the absence of large changes in the 
concentrations of the other ions included in eB' and eA', there must be a linear relationship 
between eALK and the quantity eTAN - eNO2 - eNO3 – eDRP that spans both effluent and 
influent samples. Across all trials, these two quantities do in fact fit a linear relationship 
reasonably well (r2=0.81; Fig. 2.4).  The low bias of the slope, observed to be 0.81 rather than 
1.0, most likely results from systematic high bias in the eALK measurements in effluent (See 
Appendix A) or from the presence of suspended solids and color in influent. The latter may have 
caused the significant scatter in eALK around the regression line for influent samples. 
Nevertheless, it is clear that the change in eANC due to ammonia oxidation is more than enough 
to account for the consumption of alkalinity within the Stage 1 reactors. 
Inserting the mean equivalent concentrations of all measured terms in equation (2) implies 
that the quantity  is approximately 3-4 meq L-1 for influent, a reasonable value for water 
derived from groundwater. A similar analysis of effluent data suggests that should be 6-
9 meq L-1. Note that since a good reason for this quantity to increase within the reactor is 
difficult to identify, it seems most likely that the measured effluent CALK is biased high by 3-6 
meq/L (See Appendix A). 
eB eA¢ ¢-
eB eA¢ ¢-
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Figure 2.4: Relationship of measured alkalinity (eALK) to that expected from equivalent concentrations of the major 
N and P-containing ions (2). Data for influent (!) and effluent of stage 1 ( ) and stage 2 ( ). 1:1 line shows 
expected theoretical relationship. Total ammonia nitrogen (TAN), dissolved reactive phosphate (DRP). 
 
Discussion 
Controls on ammonia removal rates 
While the system is clearly effective at very high , the factors controlling reactor 
performance remain unclear. To identify the dependencies of its ammonia removal kinetics on 
environmental variables, operating conditions, and system state variables (reactant 
concentrations), it is necessary to investigate empirically which models are capable of accurately 
explaining the above observations. Before turning to such data analysis, however, it is helpful to 
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identify some of the multiple factors known to influence the processes involved here.  For 
example, in modeling a batch reactor for nitrification of digester supernatant, Wett and Rauch 
(2003) proposed an equation for the rate of nitritation ( ) incorporating dependencies on 
several state variables:   
 
 (3) 
where xns and µns are the biomass and growth rates of Nitrosomonas respectively. Using the Kx 
values they derived, it can be shown that neither uptake of TAN (KTAN ~1 mg-N L-1) nor O2 (KO2 
= 0.4 mg L-1) nor inhibition by HNO2 (KHNO2 = 2.8 mg-N L-1) should limit  at the 
concentrations observed in the reactor studied here. However, the concentrations of bicarbonate 
within the reactors are low enough relative to the KHCO3 of 50 mg-C L-1 that  could have 
been limiting (see Appendix A). Since this equation was derived for suspensions rather than 
biofilms, we cannot assume that it applies exactly to the system studied here. However, the 
suggestion of limitation by HCO3- is consistent with the observation that regardless of HRT, most 
influent alkalinity is consumed in the reactors.  
Numerous models for simulating autotrophic nitrifying reactors include dependencies on pH 
and/or DIC or [HCO3-] (Babu et al., 2010; Peng et al., 2003; Wolf et al., 2007). Others use a pH-
dependent KTAN and/or an additional pH-dependent factor in the model equation. Since pH, CDIC, 
CALK, and CHCO3 are all interrelated by equilibrium reactions, it is difficult to discern which 
solute is directly limiting. It may be that more than one is under different conditions, since pH 
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can affect TAN uptake and CDIC could get low enough to limit the supply of CO2 for the 
autotrophic AOB. 
Empirical investigation of dependencies 
Our objective is to derive the form and estimate the parameters of a rate law for the 
aggregate rate of TAN removal by all processes (vTAN) analogous to the equation above. A 
generic form for such a rate law is: 
       
 (4) 
where kENV is a rate coefficient that accounts for environmental factors such as water temperature 
in the reactor and the flux of solar energy to the RACs, f is a function of the ammonia 
concentration within the reactor (CTAN), and g is a function to allow for dependencies on other 
solutes. 
A series of models were fitted to the data in order to parse and explain the variability in 
observed ammonia removal rates (Table 5). Three quarters (76%) of the variability in vTAN can be 
described simply using a distinct mean for each trial (model A). Much of the difference between 
trials arises from a correlation between vTAN and temperature (model B), but not day length 
(model C). Combining trial and temperature effects (model not shown) yielded a non-significant 
Q10, implying that temperature does not explain intra-trial variability. However, note that the 
model A coefficients for T2 and T1 vary in inverse proportion to HRT. While the value for T0.5 lies 
somewhat off that trend, HRT itself may be an important if not completely determinative 
variable. 
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In any rate law, it is crucial to correctly represent the process’ dependence on the main 
reactant concentration, CTAN. A first-order dependence on reactant concentrations is commonly 
observed. Combining temperature dependence with a first-order dependence on CTAN decreased 
the r2 from 0.76 (model B) to 0.50 (model D), which is consistent with the inference from (3) 
that TAN uptake by Nitrosomonas was saturated under the conditions here. Similarly, model E, 
which employs a first-order CTAN-dependence that varies by trial, only explains 55% of the 
variation in rates. 
Surprisingly, despite the lack of direct dependence on effluent CTAN, vTAN is linearly 
correlated with  both within and between trials (Fig. 5). The slope of the regression lines vary 
by trial, increasing from 0.23 to 0.45 to 0.70 during T2, T1, and T0.5 respectively. While the 
improvement in fit to the data (r2 = 0.89) over model A (r2 = 0.76) is encouraging, such an 
empirical model (F in Table 5) does not predict performance at other HRT and does not explain 
how the dependency on  could arise. Note that since the influent concentration defines the 
load to the reactor rather than the concentration within it,  cannot actually be the parameter 
that directly governs vTAN. 
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Table 2.6. Empirical fits for models of total ammonia nitrogen removal in stage 1 reactors.  
 Right hand side of rate eqn (4).   Parameters (Estimates) Adjusted r2 a 
Ab k(Tj)  k(T2) (100), k(T1) (197), k(T0.5) (320) 0.763 
B c   k20 (214), Q10 (1.75) 0.690 
C d  kS (11) 0.198 
D c  k20 (1.02), Q10 (1.53) 0.496 
E e  k(T2) (0.5), k(T1) (1.0), k(T0.5) (1.2) 0.550 
F e  k(T2) (0.7), k(T1) (0.45), k(T0.5) (0.23) 0.889 
G c 
 
k (2.61),  (2.6 meq L-1)  0.880 
H c 
 
k20 (2.60), Q10 (1.02) 0.880 
a All results are for inverse-square weighted error. 
b ANOVA (SAS proc GLM).  
c Nonlinear regression (SAS proc MODEL).  , R = 1.65. 
d Linear regression (SAS proc GLM). e ANCOVA (SAS proc GLM). 
Tk
S DAYk t×
T TANk C×
( )j TANk T C×
( ) inj TANk T C×
.14
1 ( )
in in
TANeALK CF
R k HRT
¢× +
×
+ ×
.ineALK ¢
36
1 ( )
in
TAN
T
CF
R k HRT
+
+ ×
 
 
 
 51 
 
Figure 2.5. Dependence of ammonia removal rates on influent total ammonia nitrogen concentrations. Lines 
represent Model F (Table 5). 
 
Recalling that NH4+ is the dominant base cation in the influent (2), it stands to reason that 
ammonia oxidation would cause coupled changes in CTAN (or eTAN) and eALK, i.e., water 
entering the reactor follows the theoretical line in Fig. 4 from high to low as TAN is consumed. 
This line is defined by , the average stoichiometry of alkalinity consumption relative to TAN 
removal (R), and the non-ammonia alkalinity in the influent ( ):  
   (5) 
From the definitions of rates and rate laws above, it is shown in Appendix A that if the function g 
in eqn. (4) is defined by: 
      (6) 
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the rate of ammonia removal should fit the following: 
       (7) 
A key feature of eqn. (7) is its prediction that a linear relationship should exist between  and 
removal in a manner that depends on HRT and R.  
Application of nonlinear regression demonstrated that this model (G in Table 5) explains the 
observations nearly as well (r2 = 0.88) as fitting a separate line to the data from each HRT (model 
F in Table 5). Note also that adding a simple temperature dependence to the rate equation (model 
H) did not improve its fit to the data. Thus, we conclude that model G explains the data best. 
Intra-biofilm acid-base chemistry 
Although this investigation didn’t measure conditions within the biofilm, it is helpful to 
consider the water quality within that environment in order to understand how the postulated 
dependence of reactor performance on alkalinity arises. Modeling studies of biofilms suggest 
that process rates within the biofilm become limited by a combination of mass transfer to and 
within the film. Due to the vigorous rotation and bubbling operating on the RAC, it is reasonable 
to assume that the main mass transfer limitation will occur within the biofilm. Based on the ratio 
of its concentration in bulk solution, or even O2-saturated water, to its requirements for ammonia 
oxidation, DO is by far the most supply-limiting solute and likely defines the thickness of the 
biofilm. Now AOB also consume DIC, but since molar mDIC are roughly 10-fold higher than 
mDO while the stoichiometric demand for it is 10-fold lower, its ability to diffuse from the bulk 
solution to the biofilm cannot limit the AOB. However, the effects of DIC and alkalinity 
consumption on pH within the biofilm can be profound.  
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Within the biofilm, the protons produced by ammonia oxidation will react, e.g., by 
protonating HCO3- more rapidly than they can diffuse back to the bulk solution: 
       (8) 
 When this acid production reduces intra-biofilm alkalinity by an amount dH, the 
equilibrium between the locally-enhanced [H2CO3*] and locally-depleted [HCO3-] would define a 
higher [H+] within the biofilm: 
        (8) 
Since eALK defines [HCO3-] in carbonate-buffered water such as examined here, the reason for 
the alkalinity-dependence of vTAN in these reactors, and perhaps Wett and Rauch’s (2014) 
dependence on CHCO3, may be its pH-buffering rather than control of DIC supply to the AOB. 
Next, consider the processes within the sunlit biofilm. Since the RACs supply O2 to the bulk 
solution (Fig. 3), clearly the concentration in the surface layer of the biofilm must exceed that in 
the water. While algal production consumes DIC as it produces O2, it consumes more carbonic 
acid than bicarbonate: 
     (9) 
and thereby partially counteracts the effect of AOB on the local pH.  Thus, although algae and 
AOB both require DIC, its supply to the mixed biofilm is not limiting. Rather, photosynthesis 
locally depletes H2CO3* to a greater extent than HCO3-, partially counteracting the opposite 
effects of ammonia oxidation. Without the countervailing shift in carbonate speciation, the algae 
would compete with AOB for HCO3- and thus potentially reduce TAN consumption. It appears 
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that AOB growth is not directly limited by the concentration of HCO3-, and thus alkalinity, but 
inhibited by higher [H+]. Since pH in the biofilm is better buffered when CALK is high, an 
apparent limitation by HCO3- results, as in Wett and Rauch (2003). 
TAN load-removal relationship 
For designing treatment systems, it is common to employ simple relationships between TAN 
loads to a reactor and removal rates by the reactor on a unit surface area basis. The lowest TAN 
mass loading rate for a single 8-RAC (56 m2) system occurred during T2 and was equal to 8.79 g-
N RAC-1 d-1 (1.25 g-N m-2 d-1) while the highest was 105 g-N RAC-1 d-1 (14.4 g-N m-2 d-1) during 
T0.5. Note that there was less variability in TAN removal in the longer HRT trials, perhaps due to 
samples generally being collected early in the day with inconsistent contributions from algal 
production. 
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 Figure 2.6: Dependence of TAN (total ammonia nitrogen) removal rate on TAN loading rate over the three 
trials with distinct hydraulic retention times. The lines represent model G in Table 5 and eqn. (7). 
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Applications and Economic Advantages 
The results of this study show that combined algal and bacterial fixed-film systems are 
capable of efficient nitritation, with 45-60% of the load removed during treatment. The extent of 
TAN removal attainable by this system is subject to the same limitation as other sidestream 
treatment processes, such as SHARON (van Kempen et al., 2005).  In both, the consumption of 
alkalinity during nitritation prevents complete ammonia removal and subsequent nitrification. 
Such inhibition of ammonia oxidation by low inorganic carbon levels (alkalinity) can be 
ameliorated by the addition of base to increase pH and alkalinity (Guisasola et al., 2007; Wett 
and Rauch, 2003).  This approach could also be applied to this RAC sidestream treatment system 
to increase the fraction of ammonia oxidized to nitrite, as suggested by the predicted increase in 
vTAN at higher   in eqn. (7).  
Of the TAN removed by the pilot system, only 3-11% was oxidized to nitrate and 27-36% 
lost as N2. When combined with BNR, sidestream treatment that stops with nitritation, as in this 
system, should be significantly more economical compared to full nitrification. First, such a 
system would need 25% less energy for aeration when producing nitrite rather than nitrate. In 
addition, nitritation-only treatment reduces the dose of organic carbon needed for heterotrophic 
denitrification by 40% (Bartrolí et al., 2013) (Reardon, 2014). 
In a real-world WWTF, total nitrogen removal from the sidestream could be accomplished 
by coupling the RAC-based reactors with heterotrophic denitritation. After oxidizing ammonia to 
nitrite, the sidestream water would then flow into an anoxic reactor where heterotrophic 
denitritation would remove the nitrite while regenerating about half of the alkalinity consumed 
during nitritation. The effluent could then recirculate to the algal reactors for further nitritation. 
The effluent of the complete aerobic algal/heterotrophic denitritation system could then be 
eALK ¢
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discharged to the head of a facility with low total nitrogen.  This arrangement would require an 
organic carbon source for denitritation, chemical dosing, raw wastewater, or primary sludge.  
This modification could provide 20%-30% total nitrogen removal for a WWTF by treating the 
concentrated sidestream, typically 1-2% of total plant flow. 
If complete nitrogen removal from the sidestream is not necessary, then a single pass 
through the algal treatment system for 50% nitritation may be adequate.  Discharging the treated 
sidestream into an anoxic zone at the head of the WWTF would allow for denitritation of the 
sidestream as it mixed with raw wastewater. This would reduce total nitrogen load to the facility 
by 10-15%, thereby reducing the demand for aeration to support nitrification by 12.5%.  
The use of an attached growth algal sidestream treatment system offers further cost savings 
by reducing the electricity consumed for aeration.  As an example, consider the Charleston 
WWTF, which treats 2 MGD of wastewater and generates 30,000 gallons d-1 of filtrate (details in 
Appendix A). A suspended-growth nitritation system with a typical, 3-m deep aeration basin 
capable of removing 50% of TAN loaded with filtrate at a of 414 mg-N L-1 would have a 
volume of 30,000 and require a 7.5-hp blower, assuming an oxygen transfer rate of 1.2 kg kwh-1 
for the aerator (Grady et al., 1999). In contrast, RAC-based systems use a tank depth of only 0.5 
m and do not require fine-bubble diffusers.  If this pilot-scale RAC-based system, which 
consumed ~50% of the TAN at HRT as short as 12 h, were scaled up to handle all the filtrate 
produced at Charleston, then 539 RACs would be required. At 0.25 CFM of air per RAC, a total 
of 135 CFM would be need for rotation. Because of the low static pressure of water, a 1.1-kW 
(1.5-hp) regenerative blower would be sufficient to propel all of the RACs.  As demonstrated in 
this study, the oxygen transfer across the biofilm from the air and water coupled with the oxygen 
in
TANC
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produced in the biofilm would be sufficient.  Because of these factors, the RAC-based system 
offers savings in electricity usage of up to 80%. 
Further improvements in the performance of RAC-based systems may be identified in future 
testing and deployments. Due to the production of oxygen within the biofilm on the exterior 
surface of the RAC, additional electrical saving may be realized by reducing the aeration rate, 
thus slowing the rotation of the RACs, during daytime hours. This is not possible in RBC-based 
systems, which although closely related to this RAC system are completely dependent upon 
diffusion of oxygen from the atmosphere or the bulk water. 
Conclusion 
Aerobic sidestream treatment using AlgaewheelTM rotating algal contactors (RACs) offers 
equally good performance as aerobic bacterial sidestream treatment and can be used for total 
nitrogen removal on a portion of the anaerobic digester filtrate sidesteam.  The main benefit of 
employing a RAC-based system is its lower electrical costs for aeration as compared to typical 
bacterial systems. 
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CHAPTER 3: SPATIAL AND TEMPORAL DIFFERENCES IN THE COMPOSITION 
AND STRUCTURE OF BACTERIAL ASSEMBLAGES IN BIOFILMS OF A 
ROTATING ALGAL-BACTERIAL CONTACTOR SYSTEM TREATING HIGH-
STRENGTH ANAEROBIC DIGESTER FILTRATE 
 
 
Abstract 
The composition of microbial assemblages in the biofilms growing on rotating algal-
bacterial contactors (RACs) used to treat high-strength anaerobic digester filtrate was 
characterized during a 4-month pilot study. Typical RAC-based systems supplied with 
feedstocks containing high total ammonia and comparatively low dissolved inorganic carbon 
ratios are nitrite-accumulating.  The RACs have biofilms on their sunlit exterior surfaces (2 m2) 
colonized by a mixture of phototrophs, chemoautotrophs, and heterotrophs, whilst the dark, 
internal media surface area (5 m2) is colonized by chemoautotrophic and heterotrophic bacteria.   
Using high-throughput 16S V4 analysis processed on a MiSeq platform, we assayed the 
relative abundance of bacterial V4 16S segments in the RAC biofilms over 4 months of 
operation from November through February.  We were able to detect significant differences in 
composition between biofilms growing on the interior and exterior surfaces of the contactors.  
The assemblages also changed significantly over the study period. Ten operational taxonomic 
units (OTUs), most of which were identified to the genus level, accounted for over 69% of the 
total individuals counted.  Nitrosomonas, the common ammonia-oxidizing bacterial genus, was 
the 10th most abundant OTU and although ubiquitous, it was more abundant on the dark, inside 
surfaces of the RACs.   Two members of the Xanthomonadaceae, one of which identified as 
Rhodanaobacter, were also correlated to the inner surface. Brevimundus, Arenimonas, and 
Flavobacterium were more frequently located on the outer surfaces of the RAC.  
Comamonadaceae showed higher abundance on the external surfaces and exhibited the highest 
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abundance in January and February.  Overall, this study has demonstrated that there is a 
significant difference is the bacterial assemblage structure based on the location (inside or 
outside of the RAC) and on the month of the sample, findings that have implications for algal 
reactor design and seasonal performance. 
Introduction 
The growing importance of nutrient removal from wastewater plant effluent has led to 
interest in the treatment of high-strength wastewater sidestreams, such as reject water from the 
dewatering of anaerobic digester solids. Various engineered ecosystems (biological technologies) 
have been employed to treat this unique waste stream, which typically has ammonia 
concentrations exceeding 400 mg L-1.  Many traditional treatment systems employ suspended-
growth activated sludge, but others depend on biofilms, including rotating biological contactors 
(RBCs) and moving bed bioreactors (MBBRs). Sidestream treatment systems are interesting 
since they tend to accumulate nitrite as a product of total ammonia nitrogen (TAN) oxidation 
when the second step of nitrification, the oxidation of nitrite to nitrate, is limited by or inhibited 
by certain substrates (Gabarró et al., 2012; Ruiz et al., 2003; van Kempen et al., 2005).  High 
levels of unionized ammonia inhibit nitrite oxidation up two orders of magnitude more than 
ammonia oxidation(Anthonisen et al.; Torà et al.).  Ammonia oxidation produces 2H+ for every 
NH4+ consumed.  This H+ production consumes alkalinity, which in turn down regulates the level 
of dissolved inorganic carbon (DIC) enough to become limiting to nitrification in high-ammonia 
systems (Torà et al; van Kempen et al.; Mosquera-Corral et al.).  
The use of molecular techniques to examine traditional wastewater treatment systems is a 
growing field.  Many of these techniques, including 16S community analysis, have been used to 
better understand which groups of microbes are present and how changes in region, influent 
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wastewater characteristics, plant management or technologies effect bacterial wastewater 
treatment systems (Duque et al. , 2014; Fu et al., n.d.; Gomez-Alvarez et al., 2012; Hu et al., 
2012; Shchegolkova et al., 2016).  OTU abundances within a microbial assemblage affect the 
treatment outcomes of the systems and will change based on wastewater characteristics (Duque 
et al., 2014; Fu et al., n.d.; Wang et al., 2017; You and Ouyang, 2005). 
There are few full-scale or even demonstration-scale algal or hybrid systems in operation 
at this time (Kesaano and Sims, 2014).  In order to better understand these hybrid bacterial and 
algal systems it is useful to discern how the presence of algae in the biofilm influences the 
relative abundance of ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB) 
within a system.  For example, will the AOB and NOB co-locate in the phototrophic biofilms or 
form separate assemblages in the non-photosynthetic biofilms that are protected from direct 
sunlight, which has been shown to inhibit ammonia oxidizing bacteria in previous studies 
(Merbt, Bernal, Proia, Martí, and Casamayor, 2017; Merbt et al., 2012)?  Will other potentially 
useful bacterial groups, such as denitrifiers or anaerobic ammonia oxidizers, co-locate in 
biofilms with algae, or only be found in non-photosynthetic biofilms, or be absent altogether?  
This is also important since some algal technologies use algal biomass productivity as a key 
financial factor for implementation, attributing ammonia consumption to algal biomass 
production only.  They then promote selling the biomass as a co-product such as fertilizer instead 
of viewing it as a cost. Neglecting the contribution of nitrifying bacteria in the algal biofilms will 
lead to over estimation of algal biomass production.  It has also been shown in traditional 
bacterial fixed-film systems, such as rotating biological contactor that the microbial assemblages 
vary from the influent end of the reactor to the effluent end as the influent mixes with the bulk 
reactor water and becomes progressively more diluted as water is treated. In addition, high 
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substrate concentrations at the influent end have been shown to cause rapid oxygen depletion 
resulting in anaerobic conditions and the growth of anaerobic filamentous bacteria such as 
Beggiatoa (Hassard et al., 2015). Determining whether there is a difference in abundance of 
certain bacterial groups within assemblages is critical to bioprocess engineering.  It has the 
potential to influence the design of systems and optimization of conditions that favor functional 
groups of bacteria to achieve a desired treatment outcome. 
To date, reactors removing ammonia at high rates through sidestream treatment have 
done so via the oxidation of ammonia and accumulation of nitrite to high levels (Bernet et al., 
2005; Brockmann and Morgenroth, 2010; van Kempen et al., 2005).  Nitrite accumulates due to 
several kinetic and nutrient limitations and inhibitions of nitrite oxidizers (Mosquera-Corral et 
al., 2005; R. Van Kempen et al., 2001). The nitrite can then be converted to dinitrogen gas by 
denitritation.  This process eliminates or reduces the nitrite to nitrate conversion step thereby 
reducing the need for oxygen.  These systems convert approximately 50% of the total ammonia 
nitrogen (TAN) to nitrite, which then is converted to dinitrogen gas through denitritation of 
nitrite.  It would be expected that in a system that accumulates nitrite, ammonia-oxidizing 
bacteria (AOB) would be abundant, but the nitrite oxidizing bacteria (NOB) portion of the 
population would be limited or absent.  The abundance of these representative groups could be 
affected through the myriad of limitations and inhibitions that result from the high ammonia and 
low carbon sidestream wastewater, including pH decreases, inorganic carbon limitation, 
ammonia inhibition of NOB, and possibly oxygen limitation (Anthonisen et al.; Torà et al.,; Wett 
and Rauch; Ruiz, Jeison, and Chamy). The use of algae in wastewater treatment systems is also 
unique and it is unknown how this may also affect the biofilm composition.   
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In this study, rotating algal-bacterial contactors (RAC) for treating anaerobic digester 
filtrate were used to investigate the relationship of the algal component of the biofilm to the 
bacterial assemblage, which was determined by using a 16S-based metagenomics approach.  
Consequently, this study represents a non-culture dependent attempt to characterize the microbial 
assemblage, specifically the AOB and NOB, within the photosynthetic and non-photosynthetic 
biofilms treating high strength anaerobic digester filtrate at the demonstration scale. 
Materials and Methods 
 
Study System 
For this pilot study, two duplicate parallel reactors were assembled. Each comprised a 2´4 
array of AlgaewheelTM rotating algal-bacterial contactors (RACs) that were immersed about 
halfway in a 793-L capacity (2.43 m ´ 1.2 m ´ 0.25 m) HDPE tank (Fig. 3.1).  The main 
structural feature of the AlgaewheelTM RAC is an opaque, HDPE tube 25 cm in diameter and 43 
cm long (Fig. 3.1). The tube is modified to include i) an axle at the center, ii) a longitudinal 
barrier that divides the center section of the tube into two, and iii) ~20 fins attached at a 15o 
angle from radial (Figure 3.1). The fins on the outside of the tube are designed to catch air being 
bubbled from below and cause the RAC to rotate. Since the fins and other exterior surfaces – 2 
m2 total surface area per RAC – are exposed to sunlight, a mixed algal-bacterial biofilm 
develops. One-half of the center section is filled with media consisting of pin-type balls with 
bulk specific surface area of 320 m2 m-3. The media and internal surfaces of each RAC together 
have a surface area of 5 m2. Any biofilm growing on these surfaces was shielded from direct 
sunlight. 
The reactors were housed in a greenhouse that lacked temperature control on the grounds of 
the Charleston Wastewater Treatment Facility. Influent for the reactors was collected from the 
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basin below the anaerobic sludge dewatering belt press of the WWTP and pumped into two 400-
gallon HDPE-lidded storage tanks linked in series. While the tanks were kept outdoors and 
exposed to ambient temperatures, they did not freeze.   
Operation 
The investigation reported here began in November 2013 after the parallel reactors 
underwent a 45-d startup period. From November through February 2014, the system was 
operated as two parallel, continuous-flow reactors with a 2-d hydraulic residence time (HRT). 
During continuous-flow operation, the influent was piped into one end of the reactor tank using a 
centrifugal pump that was cycled on and off by a power regulator to control the total daily flow 
at 397 L d-1. Reactor effluent flowed out of a PVC pipe weir in the “settling basin” end of the 
tank. To propel RAC rotation, air was pumped at a rate of 120 L min-1 (Medo LD-120) through 
coarse bubble diffusers located under the RACs at a depth of approximately 25 cm. Each day 
settled biosolids were suctioned from the settling basin at the effluent end of the tank.  
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Figure 3.1:A.  Diagram of the RAC showing the orientation of the fins and the internal media filling 50% of 
the RAC. B. 3-D model of the external surfaces of the RAC. C. Plan view of the treatment reactor used in the 
present study, including detail views of the RACs.  
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Water Quality Performance Tests 
On four separate dates – December 13, 16, and 27 of 2013 and January 4, 2014 – the parallel 
reactors were drained and immediately refilled with filtrate to start batch performance tests. The 
biofilms were not allowed to dry out during the process.  Each test ran from 9 a.m. to 3 p.m. 
Every hour, a 500-mL grab sample was collected from the center of each reactor tank between 
rows two and three and between the two columns of RACS and refrigerated.  
 Within 24 h of being collected, samples were analyzed without filtration. A Hach HQD 
portable meter with IntelliCAL probes was used to measure i) pH/Temperature, ii) nitrate-N, and 
iii) TAN. A Hach DR 890 portable colorimeter was used to measure nitrite (NitriVer® 3), 
reactive phosphorus (PhosVer® 3), total nitrogen and COD. To quantify alkalinity, 50-mL 
samples were digitally-titrated (Hach digital titrator) to the bromcresol green-endpoint with 0.1-
mL aliquots of 1.6 N H2SO4. 
Microbial assemblage collection and DNA sample preparation 
Four biofilm samples were collected on the 15th of each month from November 2013 
through February 2014 by scraping random spots on the outside and inside surfaces of RACs 1 
and 3 (Figure 3.1).  Both surfaces were sampled in order to determine whether there was i) an 
intra-reactor spatial component to the bacterial assemblage structure and ii) a successional 
change.  
 DNA was extracted from the samples using a FastDNA® SPIN Kit for Soil (MP 
Biomedicals; Santa Ana, CA) and then purified using a GENECLEAN® Kit (MP Biomedicals). 
The V4 region of the 16S gene was amplified using dual index primers developed by Kozik et al. 
(2013) using a C1000 Thermal Cycler (BioRad; Hercules, CA) with the following program: 
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95°C  for 3 min, followed by 35 cycles of  95°C for 30 s, 53°C for 30 s, 68°C for 30 s, and then 
72°C for 5 min.  Each 20-μl reaction contained 1 μl of extracted DNA, 4 μl of 5x Taq Master 
Mix (New England Biolabs; Ipswich, MA), 0.5 μl (10 ρmol) of forward primer (501-508), 0.5 μl 
(10 ρmol) of reverse primer (701-712), and 14 μl of DNase-free water.  The product was 
separated using gel electrophoresis and then excised and purified using the QIAquick Gel 
Extraction Kit (Qiagen Laboratories; Hilden, Germany).  The amplicons were sequenced using 
the Illumina MiSeq platform at the Roy J. Carver Biotechnology Center at the University of 
Illinois at Urbana-Champaign (UIUC).  The raw fasta sequences were processed using mothur 
v.1.35.0 (http://www.mothur.org/) and compared against the Silva 16S database. All chloroplast 
sequences, chimeric sequences and all OTUs with less than 10 total reads were removed before 
the remaining data were exported to Primer 6 (Primer-E) for statistical analysis.  
Statistical analysis of MiSeq Data  
Statistical analysis was conducted using Primer-6 software (Quest Research Limited, 
Auckland, New Zealand). The raw data was then square root-transformed to reduce the 
importance of the highly-abundant OTUs.   The Permanova package within Primer-E was used 
to determine the significance in variation between 3 factors within the 16 samples: month, RAC 
position, and RAC interior or exterior surface.  To examine the community structure, data were 
analyzed using nonmetric multidimensional scaling (nMDS) plots generated from the Bray-
Curtis dissimilarity between each sample.  Vectors for the nMDS plot were determined using 
Pearson correlation analysis of abundance of the OTUs with month, RAC surface and RAC 
position.  Co-occurrence network analysis was conducted using Co-net, a cytoscape plug-in to 
determine nonrandom relationships between OTUs.  
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Results and Discussion 
Overview 
The study reported here spans November through February, which comprised the first phase 
of our study of ammonia removal at the Charleston Wastewater Treatment Plant. Except during 
the four 6-h batch tests described below, the pair of reactors was fed with a continuous inflow of 
wastewater at a 2-d hydraulic retention time (HRT). The influent was filtrate from the anaerobic 
digester dewatering belt press.  After each batch test ended, the reactors were continuously 
operated at a 2-day HRT until the next test began. They were only run in batch operation for the 
dates indicated here as test days. Biological samples were taken on the 15th of every month 
independent of the water quality testing. 
Algal Assemblages 
 The outer surfaces of the RACs were covered with irregular green and brown biofilms.  
Scrapings from the outside of the RACs were examined periodically with a microscope to verify 
the presence of algae and to make preliminary identifications of genera.  The algal assemblage 
components of the biofilm were dominated by pennate diatoms such as Gomphonema, Nitzchia, 
Navicula and Acnanthes.  The green algae, Microspora and Scenedesmus were also present in 
conjunction with the cyanobacterium Lyngbea.  The algal assemblage was not quantified nor was 
biovolume calculated.  The algal component of the reactor is critical to reactor function because 
of oxygenic photosynthesis and CO2 uptake but nitrogen uptake by algae was low in comparison 
to the rates of nitritation observed in the both high strength bacterial systems and continuous 
flow trials using the RAC system (Hellinga et al., 1998; Johnson et al., 2018; Wett and Rauch, 
2003).  It has been shown that algae do positively affect the growth of bacteria including 
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increased extracellular bacterial enzyme activity (Kesaano and Sims, 2014 ; Espeland et al., 
2001). 
Bacterial Assemblages 
Diversity and dominant OTUs of interest. 
The rDNA data from the RACs’ bacterial assemblages were tested for alpha diversity 
using the Shannon similarity index. There were no major differences in richness or evenness.  
The mean OTU count was 265 (sd=22.3).   Chao species accumulation curves indicate that all 
349 unique OTUs were sampled after 8 samples.  The RACs were dominated by 10 OTUs 
accounting for over 69% of the total abundance when all samples were considered in aggregate 
(Fig. 3.3). Of these most abundant OTUs, all but Nitrosomonas are considered heterotrophic and 
are common in wastewater (Adrados et al., 2014; Egli et al., 2003; Hu et al., 2012). OTU 4 was 
the most abundant sequence (18.6%) in the biofilms and was identified as Comamonadaceae. 
Metagenomic analysis is useful in identfying relative abundances of OTUs with 
specialized functions such as autotrophic AOB and NOB.  It is reasonable to assume that the 
abundance of the specific OTUs will be indicative of the function with in the reactor.  Since the 
reactor influent was high in TAN and the effluent had reduced TAN it would be expected to 
observe a high percentage of AOB.  Likewise, there was no accumulation of nitrate in the system 
so the the expectation is that there would be a small population of NOB.  This was observed in 
this reactor. 
Nitrosomonas, a genus of ammonia oxidizer, was the 10th most abundant OTU (2.3%) 
sampled based on 16S rDNA abundance (table 2).  Two additional distinct Nitrosomonas OTUs 
were sampled but their contribution to the total assemblage was minimal (<0.001%).  The high 
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percentage of autotrophic ammonia oxidizing bacteria confirms our expectation that the group 
avails itself of the high TAN levels in the anaerobic sludge filtrate.   
Nitrospira, a nitrite oxidizer, was also present in the biofilms. It was not found in high 
numbers accounting for only 0.023% of the assemblage.  The low abundance accords with the 
low levels of nitrite oxidation observed in the performance tests. Also it is known that nitrite 
oxidation (nitritation) is stongly inhibited by unionized ammonia. The Ki for unionized ammonia 
to nitrite oxidation is two orders of magnitude lower than the concentration that would inhibit 
ammonia oxidation (Wett and Rauch; Anthonisen et al.; Torà et al.). 
 
 
 
Table 3.1. List of the ten most abundant OTUs identified across all 16 samples using the Silva 16S taxonomic 
database (97% certainty). The degrees column refers to the significant degrees of co-occurrence that an OTU has 
with other OTUS meaning that the likelihood of co-occurrence is greater than random chance. 
 
OTU Abrev. Degrees Phylum Class Order Family Genus  
Otu004 Com 4 Proteobacteria Beta proteobacteria Burkholderiales Comamonadaceae unclassified 
Otu001 Unc 0 unclassified unclassified unclassified unclassified unclassified 
Otu003 Rho 6 Proteobacteria Gamma 
proteobacteria 
Xanthomonadales Xanthomonadaceae Rhodanobacter 
Otu010 Are 1 Proteobacteria Gamma 
proteobacteria 
Xanthomonadales Xanthomonadaceae Arenimonas 
Otu007 Bre 3 Proteobacteria Alpha proteobacteria Caulobacterales Caulobacteraceae Brevundimonas 
Otu008 Fla 0 Bacteroidetes Flavobacteria Flavobacteriales Flavobacteriaceae Flavobacterium 
Otu017 Ped 0 Bacteroidetes Sphingobacteria Sphingobacteriales Sphingobacteriaceae Pedobacter 
Otu005 Bac 0 Bacteroidetes unclassified unclassified unclassified unclassified 
Otu006 Xan 2 Proteobacteria Gamma 
proteobacteria 
Xanthomonadales Xanthomonadaceae unclassified 
Otu015 Nit 1 Proteobacteria Beta proteobacteria Nitrosomonadales Nitrosomonadaceae Nitrosomonas 
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Figure 3.2: Relative abundance for the ten most abundant OTUs from all 16 samples collected over the sampling 
period.  
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Figure 3.3: Percent abundance of the 20 most abundant OTUs as compared with the sum of all other OTUs.  
Samples labels indicating, November, December January and February samples. I = inside surface, O = outside 
surface, 1=first row of RACs, 3=Third row of RACs.   
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Figure 3.4: Logit cluster analysis of the top 40 most abundant OTUs shows the grouping of similar samples.  Inside 
and outside RAC samples cluster together within adjacent months.    
 
Biofilm Factors 
RAC position 
The position of the sampled RAC within the reactor, whether first row or third row, had no 
statistical significance based on permanova analysis (p=0.441) with regard to the variation within 
the bacterial assemblages. This most likely results from the reactors being completely mixed, 
with relatively homogenous bulk water chemistry even during continuous flow operation. This 
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also indicates that regardless of RAC position, the water quality and environmental factors, such 
as temperature and light, were similar for both RAC positions.  Typical design of fixed film 
wastewater treatment systems show that staged systems perform more efficiently than a 
continuously stirred tank reactor (CSTR).  Early stages of rotating biological contactors will have 
grey to white gelatinous biofilms resulting from the high surface loading rates.  The biofilms 
change in composition as COD is consumed and the prevailing microbes change to nitrifiers 
(Egli et al., 2003; Haandel and Lubbe, 2007; Hassard et al., 2015). 
Month 
The bacterial assemblage changed significantly over the 4-month testing period (p=0.007).  
This was expected as in any biologic treatment system there is natural succession, especially 
when there are seasonal changes during the testing period, e.g. late fall into winter (Fig. 3.6).  
The four-month test period showed an increase of Comamonadaceae.  Although further biofilm 
16s samples were not analyzed, the biofilm function was stable based on the results of the 
subsequent continuous flow studies (Johnson et al., 2018). 
Inner versus outer surface 
The bacterial assemblage on the outside surface of the wheel, collocated with the algae in a 
photosynthetic biofilm, was significantly different from the shaded, inside surface over the 
sampling dates (p=0.002). The difference between the two surfaces can be attributed to several 
factors including air-scouring of the outer surface, exposure to light, and the diurnal pH and 
oxygen variations caused by the algae.   
The relevant abundance of functional groups of OTUs or algae could be used to modify the 
design on the RAC to favor ammonia oxidation or possibly denitrification.  The internal biofilm 
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showed no algal growth, meaning that it was not a biological source of oxygen nor a sink for 
nutrients in terms of algal biomass.  The outer biofilms were dominated by algae, predominantly 
diatoms, based on microscopy.  These differences could be used in a variety of ways to change 
the reactor.  Increasing the ratio of inner surface area to outer surface area would affect the 
biological oxygen production resulting from the algae.  Increasing DO concentration may 
increase ammonia oxidation rates but could simultaneously increase N2O production by 
denitrifiers. Increasing outer surfaces would also increase phototrophic biomass that may be used 
as a potential co-product.  
Nitrosomas was found to be more prevalent on the inner surfaces on the RAC.  It is 
uncertain why they would be less abundant, but this could be an indication that the air scouring 
removed the cells faster than they could regrow or possibly the light inhibited the nitritation. 
Coupling the abundance data with functional gene expression would help to determine if there 
was a physiological inhibition or limitation or if the difference was simply the scouring effect.  
Increasing the protected inner surfaces to cultivate more Nitrosomas could result in increased 
treatment in the same reactor footprint assuming DO levels remained sufficiently high.   
Co-occurrence analysis 
Co-occurrence network analysis was carried out comparing the likelihood of observed OTU 
co-occurrences versus coincidental or random co-occurrence.   OTUs occurring predominantly 
inside of the RAC showed high degrees of co-occurrence across all OTUs and all dates.  This 
could be indicative of stable assemblages or metabolic interactions.  OTU 15, Nitrosomonas, did 
occur most often on the inside of the RAC (59%) but showed significant co-occurrence with only 
one other OTU, Dechloromonas, a denitrifying genus (Fig 3.5).  Its lack of interconnection 
implies less of an effect from other OTUs but more reliance on environmental factors.  The co-
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occurrence of Dechloromonas suggests that it relies on nitrite as a metabolic input.  OTU 4, 
Comamonadaceae, the most abundant OTU was slightly more abundant on the outside of the 
RACs (56%).  It also showed 4 degrees of co-occurrence with two members of the Bacillales and 
two members of the Enterobacteriaceae in a cluster of OTUs not connect with the rest of the 
assemblage.  The lower degrees of co-occurrence for the OTUs on the outside of the RACs 
implies a disturbed assemblage (Hosen et al., 2017). The outer surfaces were physically 
disturbed from air scouring by the bubbles that rotate the RACs, the pH variation within the 
phototrophic biofilms and the alternating light and dark cycles (Liehr et al., 1988).  It is also of 
note that Comamonadaceae increased in abundance in February on both the inside and outside 
surfaces seeming to reflect the seasonality. 
The number of samples and the sample heterogeneity can affect the sensitivity of the co-
occurrence network analysis. This in conjunction with physical and metabolic factors may have 
contributed to the zero degrees of co-occurrence for OTU 1, 5, 8, 17, which were highly 
abundant (Berry and Widder, 2014). 
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Figure 3.5: Co-occurrence network of the OTUs sampled over the test period.  OTUs from the 10 most 
abundant with significant degrees of co-occurrence are in red boxes. The OTUs most associated with the 
outside of the RAC generally show fewer degrees of co-occurrence. 
 
Multidimensional Analysis 
Non-parametric multidimensional scaling of the data simplifies the multi-dimensional data 
into a two-dimensional visualization of the assemblage shift in relation to biofilm surface, and 
month.  A two-dimensional plot of the assemblages was constructed based on the distance 
between the samples derived from the Bray-Curtis dissimilarity matrix and then forced into two 
dimensions.  The correlation of the relative abundance of each OTU to the nMDS axes (Figure 
3.7) was analyzed using Pearson correlation to determine the OTU vectors as they relate to the 
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two factors of month and surface location.  It was clear that OTUs 3 and 6 (Xanthomonadaceae), 
OTU 5 (Bacteroidetes), and OTU 15 (Nitosomonas) correlated to the inside surface of the RACs. 
OTU 4 correlated the months of January and February (Figure 3.6).  The remaining OTUs 
correlate to the outside surface area of the RAC across all time-periods.  Based on nMDS, 
correlation analysis, and permanova, the surface location of the biofilm is the most important 
factor contributing to dissimilarity although there is a pattern and significant variation over time.  
 
Figure 3.6: nMDS plot using a Bray-Curtis dissimilarity matrix showing distances of the samples for all 
OTUs. Pearson correlation vectors for the 10 most abundant OTUs show the RAC surface to be a 
significant factor for all but Comamonadaceae and Unclassified (OTU 1) that are correlated to the 
January and February. 
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Links to N Cycle 
Nitrosomonas, an autotrophic bacterium, was the tenth most  abundant OTU in the 
reactor.  This is the predominant group of ammonia oxidizers in the reactor.  In typical systems 
the nitrite they produce would be oxidized to nitrate by organisms such as Nitrospira, which 
were not very abundant here.  The nitrate in most wastewater system would then be used as an 
electron acceptor by heterotrophic denitrifiers resulting in the production of N2 gas.  Interstingly, 
the denitrifiers first convert the nitrate back to nitrite thus the accumulation of nitrite instead of 
nitrate can make denitrification more energetically favorable.  Taxanomic classification of the 
OTUs indicates the presence of several families with know denitrfying genera of microbes 
including Comamonadaceae, Rhodanobateraceae, Sphingobabteraceae, and Xanthobacteraceae 
(table 2),. These families have been identified to include facultative denitrifying groups that can 
alternate between aerobic and anoxic metabolism (Cydzik-Kwiatkowska and Zielińska, 2016; 
Gumaelius et al., 2001; Heylen et al., 2006; Lu et al., 2014).  Other organisms are capable of 
nitrogen transformations including autotrophic dentrification using sulfur such as Thiobacilus, 
which was present in the system (Roeselers et., 2008).  Members of the planctomycetaceae have 
been shown to anaerobically reduce nitrite in conjunction with ammonia oxidation (Li et al., 
2009; Suto et al., 2017).  Several plancomycetes were sequenced Singulosphaera and 
Planctomyces, neither of which has been reported to exhibit anaerobic ammonia oxidation using 
nitrite.       
As noted, the reactor was operated in continuous flow mode for 45 days prior to November 
and throughout the duration of the biomass-sampling period.  The influent water quality can be 
compared to the subsequent continuous-flow studies in which the reactors were run at various 
hydraulic retention times for which rate models of the nitrogen transformations were calculated 
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(Johnson et al., 2018).   The average influent ammonia levels for the continuous flow studies 
were 394-420mg l-1, consistent with other reported values for anaerobic digester filtrate studies 
(Hellinga et al., 1998; Ruiz et al., 2003; Wett and Rauch, 2003).  
Biofilm Characterization 
Biofilms are heterogenous stratified structures that vary with depth, irregular in thickness, 
and permeated with channels.  Often microcolonies of specific taxa cluster in sections of 
biofilms as well as being unevenly dispersed.  Algal-bacterial biofilms have a limited photic 
zone in the top 600-1000 um of the biofilm with oxic zones extending to 1900um when 
illuminated.  During dark periods, the oxic zone may only reach 300-1000um depths (Bernstein 
et al., 2014).  The oxic zone depths are also dependent on both the DIC and nitrogen 
concentrations (Bernstein et al., 2014; K., T., and Wayland, 2018).  Internal bacterial biofilms 
will be will exhibit dramatic pH decreases as alkalinity decreases due to ammonia oxidation.  
Oxygen will become limiting in the lower biofilm from diffusion resistance and consumption.  
This will generate an anaerobic zone in the lower film where heterotrophic bacteria can reduce 
nitrite to dinitrogen gas (Fu et al., n.d.; Szwerinski, Arvin, and Harremoës, 1986)
 
Figure 3.7: Hypothetical biofilm on the outside of the RAC.  The upper photic layer of the 
biofilms will produce oxygen during the daytime and oxygenate the deeper layers of the 
biofilms.  As sunlight dims, the lower biofilm will be dominated by bacterial taxa.  Aerobic 
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processes can occur during the daytime or in the oxic zones just below the photic zone.  
Anaerobic process may proceed in the deeper biofilms or by facultative organisms residing in the 
intermediate layers that would be oxic during the daytime and  anaerobic at night.  The variation in extracellular 
polymer (EPS) will lead to channeling and variation in product and reactant diffusion. 
 
Table 3.2:  Characteristics of the four vertical zones critical to the biofilm function are bulk water, 
diffusive boundary layer (DBL), and the upper and lower biofilms. 
 
Sunlit Biofilm 
    
Layer Bulk DBL Upper Biofilm Lower Biofilm 
Thicknessa   <0.1mm 0.5-1.0mm 1.0-2.0mm 
Dominant 
Process 
    Photosynthesis Ammonia Oxidation 
Physical Limit Gas 
Exchange 
  Sunlight Temperature/Sunlight 
Chemical 
Limit 
Aeration   CO2 O2, pH, Alk 
Dark Biofilm 
    
Layer Bulk DBL Upper Biofilm Lower Biofilm 
Thicknessa   <0.1mm 0.5-1.0mm 1.0-2.0mm 
Dominant 
Process 
Gas 
Exchange 
  Ammonia 
Oxidation 
Denitritation 
Physical Limit Aeration   Temperature Temperature 
Chemical 
Limit 
    O2, pH, Alk Organic Carbon 
a Biofilms were of irregular thickness measuring up to 4 mm in depth. A typical value of 2 mm 
is used here. These variations in depth and surface location will have dramatic effects on the 
physical and chemical deterministic factors. 
 
Batch testing 
In order to verify TAN removal was occurring and estimate preliminary removal rates inlet 
flow was interrupted, the tanks drained, and immediately refilled in order to perform batch 
performance tests. The tests ran from 9 a.m. to 3 p.m. and replicate samples for water quality 
analysis were collected immediately after filling the tank and then hourly.  Because of the large 
difference is the starting concentration of total ammonia nitrogen (TAN) the rates are described 
as period 1, 13 and16-Dec , and period 2, 27-Dec and 4-Jan.  During period 1, the average 
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influent TAN concentration was 195 mg-N l-1 while the samples taken in period 2 averaged 410 
mg-N l-1.  The influent differences could be attributed to the operation of the dewatering belt 
presses.  Operation of the press can vary based on the amount of water used to backwash the belt 
and/or the amount of polymer added by operators.  
In these daytime tests, temperature increased during the 6 hours despite the greenhouse 
being unheated.   Oxygen levels increased in the first 2 hours of the tests to 10mg l-1 presumably 
due to oxygen produced by photosynthesis but then DO declined slowly as temperature increased 
and TAN oxidation occurred.  In the second test period, pH also rose throughout the test reaching 
equilibrium after 1 hour.  Photosynthesis produces an increase in pH as CO2 is liberated from 
HCO3- releasing a OH-.  Only on the 16-Dec did pH decrease to 7.58 (figure 3.2).  Interestingly, 
this date showed the least warming, only to 11.5 C and lower DO of 9.58mg l-1.  These 
measurements would be consistent with reduced photosynthesis possibly associated with the 
colder temperature. 
Total ammonia nitrogen (TAN) in the system was rapidly consumed at an average rate of 
12.7g-N h-1 (period 1) and 19.3 g-N h-1 (period 2) while net consumption of NO3- averaged 0.2 g-
N h-1(period 1) and 0.1g-N h-1 (period 2).  Net production of NO2- averaged 2.1 g-N h-1 and 1.9 g-
N h-1 (period 2).   In total, 10.8 g-N h-1 17.5 g-N h-1 dissolved inorganic nitrogen was removed.  
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Figure 3.8: Average changes from the two parallel replicate reactors from two dates (n=4) in key 
parameters over the 6-hour batch tests. The black line represents the mean values for the batch 
testing done on 12-Dec and 16-Dec 2013. The gray line represents the mean values for the batch 
testing done on 27-Dec 2013 and 1-Jan 2014.   
 
Nitrite concentrations did not accumulate as expected compared to the later continuous flow 
study rates reported in other studies, although TAN removal rates were similar (Hellinga et al., 
1998; Johnson et al., 2018; Ruiz et al., 2003).  The rate of dissolved inorganic nitrogen (DIN) 
removal was higher than expected in the batch tests.  DIN removal occurs through two processes: 
cell synthesis and nitrogen reduction through denitritation or denitrification.  One feature of 
reducing nitrite to N2 gas in lieu of reducing nitrate to N2 is the lower COD needed for the 
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reaction, 2.3 g COD/ g-N instead of 3.7 g-COD/g-N respectively (Ahn, 2006; Poiesz et al., 2014; 
Ruiz et al., 2006).   The observed removal of DIN and lack of nitrite accumulation indicates 
simultaneous nitritation and denitritation are occurring in the biofilms (Fu et al., n.d.; Hellinga et 
al., 1998).   
 Oxygen is a more favorable electron acceptor than No2- therefore it inhibits denitritation 
(Eq. 2) since most of these organisms are facultative aerobes. Based on the measured DO in the 
bulk water (Figure 3.2) it appears that there is sufficient oxygen for aerobic metabolism.  It has 
been repeatedly shown that anaerobic zones will occur in the deep biofilm.  Simultaneous 
nitrification-denitrification commonly occurs in wastewater treatment bacterial biofilms and floc 
(Cassidy and Belia, 2005; Fu et al., n.d.; J. Wang et al., 2017).   Based on the diffusion rate 
resistance, the non-photosynthetic biofilms on the inside of the RACs would be oxygen deficient 
in the deep sections (Szwerinski et al., 1986). This conclusion is reinforced by the fact that many 
of the OTUs present are known denitrifying organisms (Table 2) 
EQ 3.1. Nitritation (Wett and Rauch, 2003) 
𝑢𝑛𝑠𝑋𝑛𝑠 𝑆&'𝑘&')* + 𝑆&' 𝑂-𝑘.-)* + 𝑆.- 𝑒𝑥𝑝(𝑆'3.4 − 𝑘'3.4𝑎 )𝑒𝑥𝑝(𝑆'3.4 − 𝑘'3.4𝑎 ) + 1 𝑘&'4)*𝑘&'4)* + 𝑆&'4 𝑘'&.-𝑘'&.- + 𝑆'&.- 
EQ 3.2. Denitritation(Wett and Rauch, 2003) 
1.77𝑢ℎ	𝑋ℎ𝑛 𝑆𝑠𝑘*= + 𝑆* 𝑆&'𝑘>&' + 𝑆&' 𝑆&.-𝑘&.=𝑆&.- 𝑘.-𝑘.-= + 𝑆.- 
In these batch tests average pH in the bulk water increased although it was expected to 
decrease as it did in the continuous flow experiments (Johnson et al., 2018).  There was no 
testing done to examine the changes in pH within the biofilms but bulk water pH over the short 
batch-testing period is affected by oxidation of ammonia, photosynthesis and denitrification.   
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Conclusion 
 The use of algae-based wastewater systems continues to be an area of investigation in an 
attempt to produce valuable co-products, reduce energy inputs of wastewater treatment, and to 
meet regulatory limits.  Much of the work to date has focused on the type of algae produced, and 
the total biomass produced, or simply meeting the increasingly string regulatory limits for 
nutrient removal.  The present study illustrates that there should also be a focus on how the use 
of algae influences the underlying bacterial assemblages, the primary biologic mechanism for 
wastewater treatment.  Specifically, in fixed film systems it can be concluded that by changing 
the proportion of surface area that is dedicated to algal-bacterial biofilm versus strictly bacterial 
biofilms there will be a change in the relative abundance of the functional groups of 
heterotrophic and ammonia oxidizing bacteria (Cole, 1982; Epping et al., 1999; Rier and 
Stevenson, 2002).  Bacterial biofilm systems model removal rates as a function of surface area of 
bacteria (Haandel and Lubbe, 2007).  These changes will most likely have corresponding effects 
on treatment outcomes and on algal biomass production.  This opens up the possibility to 
customize the bio-system engineering to favor the functional groups of interest i.e. Nitrosomonas 
or algae.  For example, changing the internal media type on the inside of the RAC to one with 
higher surface area should provide increased treatment.  The treatment would then generate an 
increased oxygen demand but will also decrease the overall footprint of the treatment facility.  
Biologically this can be taken far beyond the oxygen-carbon dioxide balance to also 
include other metabolic and environmental interactions, such as algal polysaccharide production, 
photoinhibition of AOB, pH, and diffusion gradients (Bond et al., 1995; Cardinale, 2011; 
Espeland et al., 2001). 
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 The metagenomic analysis used in the current study only provides a preliminary 
understanding of the biofilms by elucidating the relative abundances of bacterial 16S rDNA 
sequences, which are representative of the overall species abundances.  Further work should be 
carried out to also examine the locations of pertinent OTUs within the biofilms layers using 
techniques such as fluorescence in situ hybridization (FISH) (Van den Akker et al., 2011). 
Lastly, functional gene expression through quantification of RNA within the biofilms should be 
examined because the presence of the organism does not indicate the magnitude of the RNA 
transcription or the enzymatic activity.  Function gene abundance would also help to clarify the 
ambiguity in the limited resolution of the 16s metagenomic analysis.  Although functional OTUs 
and therefore activity may be inferred by the changes of water chemistry, it does not accurately 
describe the metabolic pathways. 
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CHAPTER 4: SUMMARY 
 The performance of the RAC system tested here was similar to that of bacterial systems 
such SHARON reactors with regard to TAN oxidation (Chapter 1) (Reardon, 2014; van Kempen, 
et al., 2001; van Kempen et al., 2005; Wett and Rauch, 2003) and both are governed by similar 
limitations and inhibitions including dissolved inorganic carbon and pH.  The primary advantage 
to the RAC system is the photosynthetic oxygen production, which reduces electrical costs.  
Dissolved oxygen in the RAC system was not limiting because of the photosynthetically 
produced oxygen as shown in the mass balance (Chapter 2).  Since TAN is the dominate cation 
in the filtrate there is a coupled effect in eALk.  As TAN is oxidized ALK is simultaneously 
consumed (Chapter 2).  Therefore, it was established that eALK=eTAN-NO2--eNO3--eDRP. 
It is plausible that any algal-bacterial biofilm technology such as algal turf scrubbers 
(ATS) would have comparable removal efficiency to the RAC system on the g-TAN m-2 biofilm 
basis assuming that there are no oxygen diffusion limitations.  The RAC system would have 
higher removal rates on the areal basis since an ATS is laminar while the RAC fits 2m2  of algal 
biofilm and 7m2 of total biofilm into an approximately 0.25 areal m2.  So, for every 1m2 of ATS 
biofilm a RAC system provides ~28m2 of biofilm.  
Operating the RAC system in a plug flow configuration by baffling the reactor should 
lead to increased efficiency and changes to biofilm assemblage structure and relative abundances 
as compared to CSTR configuration tested here.  Such effects have been observed in bacterial 
fixed film systems (Haandel and Lebbe, 2007; Hassard et al., 2015). 
 Although the system design implies a physical separation between the internal media 
with bacterial biofilm and the external surface area containing algae it was determined that 
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bacteria were also collocated within the algal biofilm.  Although bacteria were located in the 
exterior algal biofilm, the relative abundances of the OTUs differed significantly from the 
interior biofilm.  It is also plausible that any algal system that is being used to treat wastewater 
will have a population of bacteria that contribute to wastewater treatment, if for no other reason 
than the constant inoculation from the wastewater influent.  Although bacteria were present in 
the algal biofilm on the RAC, the microcosm did give rise to an assemblage with significantly 
different abundances and composition from that found on the internal media.  This was 
demonstrated through the molecular examination of the biofilms (Chapter 3). This is most likely 
due to the variations in pH, oxygen, and carbon dioxide within the biofilm resulting from 
photosynthesis.  The biofilms also did exhibit a monthly change in relative composition and 
abundance.  Although the exact mechanism is not known from this study the most obvious 
seasonal variations over the course of the study were environmental factors including 
photoperiod, light intensity, and temperature.  The most noteworthy difference in OTU 
abundance in the RAC system was the high percentage of Nitrosomonas on the interior media, 
and the co-occurrence with Dechloromonas, a denitrifying OTU. 
 Future work on this type of system should focus on further reducing the hydraulic 
retention time and attempting to manipulate other variables such as the ratio of phototrophic to 
non-phototrophic biofilms to potentially decrease footprint to improve cost effectiveness.   
Interior biofilm could be increased by using a media with higher density, meaning more square 
meters by volume. Interior area could also be increased by changing the dimensions of the RAC 
by increasing the volume.  Increasing the interior biofilm would also increase the oxygen 
demand, which could potentially decrease the rates of nitrification, exacerbate pH changes in the 
biofilm, or decrease the production of N2O. Exterior biofilm area could be enhanced by 
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increasing the outer fin length or by modifying the flat fins, so they are pleated or folded to 
provide more area.  It is unknown how these changes would affect the rotation of the RACs or 
the volume of air needed to rotate them. 
Further molecular works should be done to not only determine what OTUs are in a 
biofilm but also where those OTUs are physically located in the biofilm and what are the 
physical and chemical characteristics of those biofilms.  This could be done using 
microelectrodes to determine the pH and oxygen profiles of the biofilms.  Using techniques such 
as high throughput RNA sequencing in conjunction with DNA sequencing would not only 
explain what OTUs were present but if functional genes were expressed.  Furthermore, 
fluorescence in situ hybridization would help to visualize the gene expression within the physical 
biofilm structure.  This would definitively show what processes are taking place within a biofilm 
in relation to the microenvironments.  Coupling these techniques would allow for a complete 
assessment of rates, assemblage structure, gene expression, and biofilm heterogeneity.   
These differences could then be applied to the physical design of the RAC to increase 
treatment outcomes.  For example, air scouring from the diffusers or wheel rotation speed could 
influence the algae or bacteria on the outer surfaces or cause a thinner film to grow increasing 
diffusion rates.  Equally important, changes in the internal media could result in clogging of the 
media generating deep anoxic biofilms that may be less effective or prone to channeling or 
sloughing.  All of these may change the assemblage structures and therefore result in varying 
success in TAN removal. 
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APPENDIX A: UNITS AND PRECISION OF DATA 
Nomenclature and units of water quality parameters 
Parameter Abbreviation 
(X) 
Concentration Variables and Units 
  CX mX eX 
Acid-neutralizing capacity ANC   1 meq L-1 
Alkalinity ALK 50 mg-CaCO3 L-1 – 1 meq L-1 
Dissolved inorganic 
carbon 
DIC 12 mg-C L-1 1 mmol L-1  
Total ammonia nitrogen TAN 14 mg-N L-1 1 mmol L-1 1 meq L-1 
Nitrate nitrogen NO3 14 mg-N L-1 1 mmol L-1 1 meq L-1 
Nitrite nitrogen NO2 14 mg-N L-1 1 mmol L-1 1 meq L-1 
Nitrate plus nitrite 
nitrogen 
NO2+3 14 mg-N L-1 1 mmol L-1  
Dissolved oxygen DO 32 mg-O L-1 1 mmol L-1  
Dissolved reactive 
phosphorus 
DRP 32 mg-P L-1 1 mmol L-1 1 meql L-1 
Total reactive phosphorus TRP 32 mg-P L-1 1 mmol L-1 1 meql L-1 
Measurement precision 
As noted in the main text, measurements of the water quality parameters made for samples 
collected at the about same time from the mid-point and effluent in the Stage 1 and Stage 2 
reactors. To estimate the precision of the measurements, the differences between mid-reactor and 
effluent values were computed and standard deviations determined (Tables A-1 and A-2). Note 
that the mean differences in the Stage 1 data are of the expected sign for imperfectly mixed 
reactors, but the differences are small compared to the overall reaction. For example, TAN 
declined about 50% from influent to effluent, but only 4.6% from mid-reactor to effluent. 
Because these actual differences inflate the s.d. above measurement error, we suggest that the 
measurements have an average coefficient of variation nearer the values in the stage 2 reactor, or 
~15%.  
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Unfortunately, the s.d. of pH values, ~0.4, is much larger than one expects from 
measurement error, ~0.1, which suggests that the electrode didn’t behave reproducibly in these 
samples. As a result, the pH data are not used in the data analysis. 
 
Table A-1. Differences between effluent and mid-reactor concentrations in Stage 1 
reactor (N = 45).  
 pH CTAN CNO3-N CNO2-N CTRP CALK 
Mean Diff.a 0.093 -9.7 0.9 0.1 -4.2 -36 
Std. Dev. 0.36 36.1 5.1 23.3 15.4 84.6 
C.V.  0.17 0.22 0.16 0.29 0.22 
a Average of difference between same-day values in effluent minus mid-reactor value. 
 
Table A-2. RMS difference between effluent and mid-reactor concentrations in Stage 2 
reactor (N = 27). 
  pH CTAN CNO3-N CNO2-N CTRP CALK 
Mean Diff. ND -12 -0.4 -11 -0.11 -20 
Std. Dev. ND 28 2.9 20 5.8 46 
C.V.  0.15 0.16 0.13 0.11 0.16 
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Nitrogen balance. 
The nitrogen balance summarized in Table 2.4 includes a detailed TAN budget and a 
summary of rates of other N cycle processes. All quantities were derived using the mean influent 
and effluent concentrations for the Stage 1 reactor during the three trials. The calculations and 
assumptions embodied in the results in the table are described below. 
 
Figure A.1. Nitrogen cycle processes used in this analysis. Note that all dissolved N species 
are also transported from reactor via fluid flow and that no nitrate reduction occurs. “Biomass 
production” includes utilization of ammonia for growth by phototrophy, ammonia oxidation, 
nitrite oxidation, and denitrification.  
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The unknowns in this mass balance are the rates of four transformation processes (  ) and 
biological uptake of NH3 (B+), which depends on the rates of these four processes plus primary 
production. The problem can be solved using the mass balance equations and key assumptions.  
1) TAN Balance 
       (B.1) 
2) NO2 Balance 
      
 (B.2) 
3) NO3 Balance 
        (B.3) 
4) Dissolved inorganic N balance  
        (B.4) 
5) Definition of total biomass production 
     (B.5) 
where bi refers to the biomass N produced per gram N transformed by process i.  
The solution to these equations is obtained using these calculations: 
1) Nitrate formation/Nitrite oxidation (from (B.3)) 
        (B.6) 
XJ
+
in
TAN MIN TAN AOF C J F C J B
+ + +× + = × + +
2 2
in
NO AO NO NO DNF C J F C J J
+ + +× + = × + +
3 3
in
NO NO NOF C J F C
+× + = ×
in
MIN DIN DN DINJ F C J F C B
+ + ++ × = + × +
PP PP AO AO NO NO DN DNB b J b J b J b J
+ + + + +º × + × + × + ×
( )3 3inNO NO NOJ F C C+ º × -
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DON Mineralization (approximation) 
     
 (B.7) 
2) DIN removal (definition) 
        (B.8) 
3) Denitrification 
        (B.9) 
 
The equations are solved iteratively by: 
1) Guessing B+, 
2) Compute from (B.7),  
3) Compute  from (B.8). 
4) Compute  from (B.9). 
5) Compute  and  from (B.6) and (B.2).  
6) Compute B+ from (B.5). 
7) Convergence occurs when the guess for B+ equals the value derived in 6). 
  
( )in in inMIN TAN NO NOJ 0.025 F C C C /1000+ º ´ × + +2 3
( )inDIN DIN DINj F C C- º × -
DN DIN MINJ j J B
+ - + += + -
MINJ
+
DINj
-
DNJ
+
NOJ
+
AOJ
+
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Alkalinity and charge balance in filtrate water. r. 
The pH of an aqueous solution is governed by acid-base equilibria that can be modeled 
accurately using a combination of i) the alkalinity (CALK or eALK) and ii) the concentrations of 
weak acids and bases, such as carbonic acid (CDIC or mDIC), orthophosphate (CDRP or mDRP), 
ammonia (CTAN or mTAN), and volatile fatty acids (CVFA or mVFA). The key acid-base 
equilibria are summarized in nearly every water chemistry textbook. We simply note that as in 
any water, the sum of weak acid-base species with a proton deficiency minus those with excess 
protons relative to a reference condition defines the titratable alkalinity, written here in meq L-1 
units:  
  
 (C.1) 
Here, aVFA denotes the fraction of the VFA that becomes protonated by the alkalimetric end- 
point, which is approximately 0.85 (Jenkins et al., 1983). 
Note the total concentrations of these analytes (X) in millimolar units (mX) are defined as: 
 
A related quantity is the charge-balance acid neutralizing capacity as defined here (eANC): 
      (C.2) 
the prefix “e” denotes equivalent concentrations of the analytes in solution (Kelly et al., 1987). 
For the N species and orthophosphate, these are equal to the molar concentrations since the 
2 3
3 4 4 3 4 3[ ] [ ] [ ] [ ] 2[ ] [ ] [ ] [ ]VFAeALK OH H HCO HPO PO H PO NH VFAa
- + - - - -º - + + + - + -
* 2
2 3 3 3
4 3
2 3
3 4 2 4 4 4
[ ] [ ] [ ]
[ ] [  
[  [ ] [ ] [
( )]
] ]
[ ] [ ]
mDIC H CO HCO CO
mTAN NH NH
mDRP H PO H PO HPO PO
mVFA HVFA V
aq
FA
- -
+
- - -
-
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dominant species of each is ±1 at pH 4.5. Here,  refers to base cations other than NH4+ 
(mainly Na+, K+, Ca2+, Mg2+) and to all acid anions other than NO3- (mainly Cl-, SO42-). 
When all ions that significantly contribute to the charge balance are included in (C.2) and 
necessary measurements available, then we know that: 
          (C.3) 
if we neglect the VFA term in (C.1). This allows us to estimate  using (C.2): 
                (C.4) 
Note that the measurements reported here are not of DRP but of total reactive phosphorus. Thus, 
it is likely that using eTRP in (C.4) will be somewhat larger than eDRP. However, since eTRP is 
so small relative to eALK, the likely bias is minor compared to measurement error in the other 
variables. 
Inserting the mean equivalent concentrations of all measured terms in equation (C.4) implies 
that the quantity  is ~3-4 meq L-1 for influent, a reasonable value for water derived from 
groundwater. The parallel analysis of effluent data suggests that , or eANC¢  , should be 
6-9 meq L-1. Now there doesn’t appear to be a good reason for eANC¢  to increase as water flows 
through the reactor, at least in the amounts indicated, since doing so would require additional 
cations to dissolve or anions to be consumed. Since DRP only decreases by 1/10th the amount 
needed to cause the suggested change in eANC¢ , it seems most likely that the measured eALK is 
too high in the effluent by 3-6 meq L-1. The explanation may be that there was a high bias in the 
titrations, particularly at the low levels observed in effluent samples (see above) or that VFA 
were consumed. The latter is not quantified, however.  
eB¢
eA¢
eANC  eALK=
eB eA¢ ¢-
2 3eB eA eALK eTAN eNO eNO eDRP¢ ¢- = - + + +
eB eA¢ ¢-
eB eA¢ ¢-
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Table A.2. Mean concentrations for influent and stage 1 effluents in mmol or 
meq L-1 units. 
Solute Influent  Effluent 
T2 T1 T0.5 
eTAN b 29.72 11.7 12.4 16.5 
eNO3 b 0.97 3.2 2.4 1.3 
eNO2 b 1.63 10.1 12.0 10.6 
eTRP b 2.08 1.6 1.6 1.8 
eB'-eA' c 3.66 9.5 8.7 6.8 
eALK d 28.70 6.4 5.0 9.7 
     
eANC¢ e 1.1 6.9 6.0 4.2 
     
mDIC d 26.7 5.6 4.1 8.9 
pH b 7.83 7.46 7.46 7.46 
a Estimated. b Measured. c From eqn. (C.4). d Measured: eALK = CALK/50. 
From equilibrium modeling. e From eqn. yy. 
The mDIC concentrations were estimated from the combination of eALK and [H2CO3*] 
needed to yield pH values in the observed range. 
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Derivation of TAN Load-Removal Equation. 
A generic rate law for TAN removal can be written: 
       (D.1) 
where kENV is a rate coefficient that accounts for environmental factors, f is a function of the 
ammonia concentration within the reactor (CTAN), and g is a function to allow for dependencies 
on other solute concentrations (COTHER). In the main text, it is shown that f can be neglected for 
the dataset used here and that vTAN depends instead on .  
An explanation for how this dependency arises begins from the following hypothesized 
function:  
         (D.2) 
Since NH4+ is the dominant base cation in the influent (Table B-1) and its oxidation consumes 2 
equivalents of ALK per equivalent of TAN oxidized, it stands to reason that TAN consumption 
and ALK decreases are of comparable magnitudes, i.e., water entering the reactor follows the 
theoretical line in Fig. 4 from high to low eALK as TAN is consumed. It is likely that this is too 
simple an expression, but we will assume that it holds over a finite range near the operating point 
of the treatment system used here. 
Now we know that  
    
Now for each N species, we employ an equation of the form: 
  
( ) ( )TAN ENV TAN OTHERv k f C g C= × ×
in
TANC
( )OTHERg C eALKº ×14
2 3eANC eTAN eNO eNO eDRP eB eA¢ ¢º - - - + -
( ) /inTAN TANeTAN C C= +D 14
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Then  
where and R is the change in eALK or eANC per unit 
change in mTAN:  
 
Finally,  
  
N-cycle transformation rates during the course of the study were computed from the 
difference flux of a solute between the input and output sides of the reactor ( ):  
  
where  are the inlet and outlet concentrations of TAN in a given reactor stage on a 
given date and F is the average water flow rate through it (L d-1). 
 
 
( ) /inNO NOeNO C C= +D2 22 14
( ) /inNO NOeNO C C= +D3 33 14
( )
( ) ( )
( )
2 2 3 3
2 3
/14
/14 /14
/14
in in in
TAN TAN NO NO NO NO
in in in
NO NO TAN TAN
in
TAN TAN
eANC eB eA C C C C C C
eB eA C C C R C
eANC C R C
¢ ¢» - + + D - -D - -D
¢ ¢» - - + + + D
¢» + + D
( )2 3 /14in inNO NOeANC eB eA C C¢ ¢ ¢» - - +
( )2 3 /TAN NO NO TANR C C C Cº D -D -D D
in
TAN TANg eANC C R C¢º × + + ×D14
obs
TANv
( )obs inTAN TAN TAN TANv C C F C Fº - × = -D ×
andin outTAN TANC C
 
 
 
 133 
Now, we know that since: 
 
 
 
  
 
 
And thus: 
 
 
 
This is the model H equation shown in Table 2.5. 
 
  
( )obs inTAN TAN ENV TAN TANv C F k eANC C R C V¢º -D × = × × + + ×D ×14
( )inTAN ENV TAN TANC F k eANC C R C V¢-D × = × × + + ×D ×14
in
TAN TAN TAN
ENV
F C eANC C R C
k V
¢- D = × + + ×D
×
14
( )inTAN TAN
ENV
C R eANC C
HRT k
æ ö
¢-D + = × +ç ÷×è ø
1 14
( )
in
TAN
TAN
ENV
eANC CC
R HRT k
¢× +
D = -
+ ×
14
1
( ) ( )( )/inTAN TAN ENVv F eANC C R k HRT¢= × × + + ×14 1
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Calculation of electricity consumption by aeration. 
The Charleston WWTF treats 2 MGD of wastewater and generates 30,000 gallons d-1 of 
filtrate. At an influent concentration of 414 mg-N L-1 there are 47 kg of TAN (103 lb) in the 
30,000 gal day-1 of filtrate, meaning, to convert the 50% of TAN to NO2- then 161 kg of O2 
would need to be transferred to the bulk water, or 6.7 kg-O2 hr-1.  Oxygen transfer is based on 
general principles that as the air bubbles move through the water they transfer oxygen across the 
boundary layer of the bubble into the bulk water.  The deeper the water the better the oxygen 
transfer, but more pump horsepower would be needed to overcome the static pressure of the 
water column.  Shallower tanks have less static pressure, but since oxygen transfer would be less 
efficient, the blower would need to pump more air and a more powerful blower required.   
 A suspended growth system treating this filtrate at a TAN concentration of                       
414 mg-N L-1 would require a 7.5-hp blower.  Blower sizing is determined using generalized 
design parameters. The system would require 3.5 mg of oxygen to convert 1 mg of TAN to NO2- 
based on the stoichiometry of nitritation. Also, an aeration basin would have a minimum depth of 
3 m but could be deeper.  The oxygen transfer rate and power consumption of blowers for 
suspended growth systems can vary but is often estimated at 1.2 kg/kWh (Grady et al., 2011). 
Based on these assumptions the minimum blower size of 5.58 kW (7.5hp) would be needed. 
In contrast, the RAC-based system converts approximately 50% of the TAN to NO 2- in 12 
hours.  If the system were scaled up and the same mass of TAN was loaded to each RAC at the 
12-h HRT, then a full system would require 539 RACS.  These RACs, propelled using 0.25 CFM 
each, would need a total of 135 CFM for rotation. Assuming a static pressure of 20” of water, a 
1.1-kW (1.5-hp) regenerative blower would be sufficient to propel all of the RACs.  As 
demonstrated, the oxygen transfer across the biofilm from the air and water coupled with the 
 
 
 
 135 
oxygen produced in the biofilm would be sufficient.  Because of these factors, the RAC-based 
system offers up to 80% savings in electricity. 
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APPENDIX B: PRELIMINARY DATA FOR THE APPLICATION OF 16s 
METAGENOMIC ANAYSIS TO RAC SYSTEMS TREATING MUNICIPAL 
WASTEWATER 
 
 
Figure B.1: Isometric representation of the RAC tank with the 5-column x 8-row configuration. 
 
Table B.1: Environmental data from columns A, B, and C over rows 1-8. 
 
PH DO NH4 COD 
A1 8.98 7.26 38.9 175 
A2 8.94 7.51 37.8 140 
A3 8.96 7.68 36 136 
A4 8.9 7.25 35.2 215 
A5 8.96 7.25 33.8 270 
A6 9.11 6.85 31.8 277 
A7 9.19 7.23 31 268 
A8 9.3 7.49 29.6 162 
B1 8.95 7.18 37.9 158 
B2 8.98 7.18 35.3 161 
B3 8.9 8.04 34.9 267 
B4 11.5 7.02 34.9 184 
B5 7.72 7.17 34.1 233 
B6 7.73 7.42 33.1 118 
B7 9.79 7.82 30 122 
B8 9.6 7.54 29.4 122 
C1 8.97 7.2 38.7 151 
C2 8.76 5.9 37.4 134 
C3 11.93 7.31 34.4 192 
C4 10.5 7.21 34.2 215 
C5 8.2 7.21 35.3 216 
C6 9.96 7.57 32.7 107 
C7 10.02 7.74 31.6 138 
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C8 9.87 7.53 29.8 118 
 
 
 
 
Figure B.2 Top 20 OTUs shown as a percentage of the total relative abundance for the 24 samples   
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A1 B1 C1 A2 B2 C2 A3 B3 C3 A4 B4 C4 A5 B5 C5 A6 B6 C6 A7 B7 C7 A8 B8 C8
Trichococcus Arenimonas Comamonadaceae(86)
unclassified(100) Pseudoxanthomonas(100) Verrucomicrobiaceae(100)
Leadbetterella(100) Arthrobacter(82) Hyphomicrobium(58)
Microbacteriaceae(100) Devosia(80) Clostridium_XI(69)
Dyadobacter(100) Acinetobacter(100) Planctomycetaceae(100)
Rhizobiales(100) Xanthomonadaceae(100) Rhizobiales(100)
Afipia(80) Rhizobiales(100) All Others
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Figure B.3: PCA of the 24 samples show that the first 2 rows are 65% similar while the remain 6 
rows are also 65% similar.  Pearson correlation analysis indicates that rows 1-2 are positively 
correlated to higher ammonia negatively correlated to the increasing DO.   
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APPENDIX C: DESCRIPTION OF SUPPLEMENTAL ELECTRONIC FILES 
 
The accompanying electronic files include the water chemistry data and the OTU 
abundance and taxonomy data for Chapters 3 and 4; Digesterfiltratedata, 
AD_taxonomy_abundance.  The OTU data for Appendix B is in file 
V4CNC_abundance_taxonomy. 
